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Genus  Brachyspira  in Birds: Phenotypes, Phylogeny and 
Pathogenicity 
Abstract 
Spirochaetes of genus Brachyspira colonize the large intestine of some mammals and 
birds, and cause intestinal disease and production losses in pigs and chickens. The 
precise significance of Brachyspira spp. colonization in birds, the bacterial species 
involved, and the epidemiology are incompletely understood. Possible transmission 
between birds and mammals, and the role of wildlife have previously received little 
attention. In this thesis intestinal spirochaetes were isolated from commercial laying 
hens and free-living wild mallards (Anas platyrhynchos), jackdaws (Corvus monedula), 
rooks (C. frugilegus)  and hooded crows (C. corone cornix). The isolates were 
investigated by phenotypic tests, molecular methods (PCR, RAPD, PFGE, 
sequencing of 16S rRNA and nox genes) and phylogenetic analysis. Experimental 
animal models were applied in pigs and mallards to study colonization rates and 
enteropathogenicity. The results showed that Brachyspira spp. were commonly 
isolated from the investigated species. Phenotypic and molecular analyses showed 
considerable diversity, and simultaneous colonization by two or more species or 
genetic variants of the same species was commonly found. In laying hens, 
pathogenic species (B.  intermedia and B.  alvinipulli), presumed non-pathogenic 
species (B. innocens, murdochii, ‘B. pulli’), and isolates that could not be assigned to 
any presently known species were isolated. No association with disease or 
production losses was identified. The etiologic agent of swine dysentery, B. 
hyodysenteriae, was isolated from mallards, which is the first time from wild birds. A 
putative novel species, ‘B. suanatina’, was isolated from mallards and Swedish and 
Danish pig herds. Isolates from both a pig and a mallard were shown to cause 
diarrhoea in pigs by experimental challenge. In mallards, focal epithelial changes 
were observed with B.  hyodysenteriae and ‘B.  suanatina’. Another novel and 
presumed non-pathogenic species, ‘B. corvi’, from corvid birds, was characterized 
and provisionally described. The results of the thesis highlight the diagnostic 
difficulties, the genetic diversity, and suggest that birds may be important reservoirs 
of Brachyspira spp. 
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Nothing is gayer than the persistence of memory. 
Salvador Dalí, ca. 1961   5
Contents 
List of Publications  7 
Abbreviations 8 
1  Introduction 9 
1.1  Phylum Spirochaetes  9 
1.1.1  Early history  9 
1.1.2  Systematics and evolutionary aspects  9 
1.1.3  Genetic characteristics  10 
1.1.4  Ecological niches and metabolism  10 
1.1.5  Cell morphology and motility  11 
1.1.6  Spirochaetal diseases  12 
1.2  Genus Brachyspira  12 
1.2.1  Taxonomy, systematics and genetics  12 
1.3  Brachyspira spp. in mammals  15 
1.3.1  Intestinal spirochaete diseases of swine  15 
1.3.2  Human intestinal spirochaetosis  16 
1.4  Brachyspira spp. in birds  17 
1.4.1  Historical aspects  17 
1.4.2  Avian host range  17 
1.4.3  Disease and production losses in chickens  18 
1.4.4  Pathologic findings in chickens  20 
1.4.5  Control options  21 
1.4.6  Disease in other bird species  22 
1.4.7  Epidemiology 23 
1.4.8  Molecular studies of avian strains  25 
1.5  Animal models  26 
1.6  Virulence attributes and pathogenesis  27 
2  Aims of the thesis  29 
3  Considerations on Materials and Methods  31 
3.1  Study populations  31 
3.1.1  Laying hens  31 
3.1.2  Mallards 32 
3.1.3  Corvid birds  33 
3.2  Laboratory diagnostics  33 3.2.1  Selective culture and phenotypic tests  33 
3.2.2  Antimicrobial susceptibility testing  33 
3.2.3  PCR, RAPD and PFGE  36 
3.2.4  Sequencing and phylogenetic analysis  37 
3.3  Experimental challenge  38 
4  Results and Discussion  39 
4.1  Synopsis of results  39 
4.2  Host range  40 
4.3  Biodiversity among avian Brachyspira spp.  42 
4.4  Diagnostic difficulties  43 
4.5  Molecular phylogeny  45 
4.6  Disease association in chickens  46 
4.7  Novel bacterial species  47 
5  Concluding remarks and future perspectives  49 
References 51 
Acknowledgements 65 
   7
List of Publications 
 
This thesis is based on the work contained in the following papers, referred 
to by Roman numerals in the text: 
I  Jansson, D. S., Johansson, K.-E., Olofsson, T., Råsbäck, T., Vågsholm, 
I., Pettersson, B., Gunnarsson, A., & Fellström, C. (2004). Brachyspira 
hyodysenteriae and other strongly β-haemolytic and indole-positive 
spirochaetes isolated from mallards (Anas platyrhynchos). Journal of Medical 
Microbiology, 53, 293-300. 
II  Råsbäck, T., Jansson, D. S., Johansson, K.-E. & Fellström, C. (2007). 
A novel enteropathogenic, strongly haemolytic spirochaete isolated from 
pig and mallard, provisionally designated ‘Brachyspira suanatina’ sp. nov. 
Environmental Microbiology 9, 983-991. 
III  Jansson, D. S., Råsbäck, T., Fellström, C. & Feinstein, R. 
Experimental challenge of mallards (Anas platyrhynchos) with Brachyspira 
hyodysenteriae and ”Brachyspira suanatina” isolated from pigs and mallards. 
Submitted manuscript 
IV  Jansson, D. S., Fellström, C., Råsbäck, T., Vågsholm, I., Gunnarsson, 
A., Ingermaa, F. & Johansson, K.-E. (2008). Phenotypic and molecular 
characterization of Brachyspira spp. isolated from laying hens in different 
housing systems. Veterinary Microbiology, 130, 348-362. 
V  Jansson, D. S., Fellström, C. & Johansson, K.-E. (2008). Intestinal 
spirochaetes isolated from free-living wild jackdaws, hooded crows and 
rooks (genus Corvus): Provisionally designated “Brachyspira corvi” sp. nov. 
Anaerobe 14, 287-295. 
 
Papers I-II and IV-V are reproduced with the permission of the publishers. 
 
 
 
 
 
   8
Abbreviations 
 
AIS  Avian intestinal spirochaetosis 
ATCC  American Type Culture Collection 
BHI  Brain heart infusion broth 
CFU  Colony forming units 
DNA Deoxyribonucleic  acid 
didNTP Dideoxynucleotides 
FAA  Fastidious anaerobe agar 
FCS  Foetal calf serum 
GTA  Gene transfer agent 
H&E  Haematoxylin and eosin stain 
HIS  Human intestinal spirochaetosis 
Mbp Mega  base pairs 
MEE  Multilocus enzyme electrophoresis 
Mol% G+C   Genomic C+G content 
Mya  Million years ago 
nox  Nicotinamide adenine dinucleotide (NADH) oxidase gene 
PFGE  Pulsed field gel electrophoresis 
PCR
  Polymerase chain reaction 
PIS  Porcine intestinal spirochaetosis 
R  Reference strain of a species (superscript) 
RAPD  Randomly amplified polymorphic DNA 
rRNA  Ribosomal ribonucleic acid 
S Svedberg  unit 
SD Swine  dysentery 
sp. Species  (singular) 
sp. nov.  Species novum (new species) 
spp. Species  (plural) 
subsp. Subspecies 
SVA  National Veterinary Institute 
T  Type strain of a species (superscript) 
TEM Transmission  electron microscopy 
WS  Warthin-Starry silver stain   9
1  Introduction 
1.1  Phylum Spirochaetes 
1.1.1  Early history 
Helically coiled and highly motile microorganisms have been known to 
exist in human faeces and the oral cavity since the early days of microscopy 
in the 17
th century (Dobell, 1932). The first spirochaete (etymology Gr. 
speira ‘coil’ and chaite ‘hair’) to receive a name was Spirochaeta  plicatilis 
(Ehrenberg, 1835). Spirochaetes were initially confused with protists, and 
their bacterial nature was not unequivocally proven until the 1960s-70s 
based on ultrastructural features (Ryter and Pillot, 1965; Holt, 1978). 
1.1.2  Systematics and evolutionary aspects 
The domain Bacteria is currently subdivided in 24 phyla, of which one 
(Spirochaetes) includes all spirochaetes (Table 1) (Garrity et al., 2004). The 
spirochaetes form a coherent monophyletic lineage with deeply branching 
subclusters within the clade that correspond to different families (n=5) and 
genera (n=13) (Woese, 1987; Paster et al., 1991; Paster and Dewhirst, 2000; 
Ludwig et al., 2008). Genus Spirochaeta is the type genus, and Spirochaeta 
plicatilis is the type species, despite the lack of an isolate (Euzéby, 2008). 
More than half of the presently valid or proposed spirochaetal species 
(n>200) are yet to be cultured in  vitro (Paster and Dewhirst, 2000). 
Spirochaetes have been suggested to be evolutionary ancient organisms 
(Canale-Parola, 1977; Margulis et al., 1993). Several phylogenetic studies 
(Brown et al., 2001; Daubin et al., 2002; Griffiths and Gupta, 2004) have 
produced evolutionary trees where spirochaetes occupy a place closer to the 
root of the bacterial origin than inferred from small subunit ribosomal   10
sequence data (Woese, 1987). Further support is given by their presence in 
phototrophic bacterial mat communities, which are considered to be one of 
the oldest ecosystems on Earth (Margulis et  al., 1993). Other findings 
inferring ancient descent are the symbiotic relationship with the living fossil 
Nautilus macromphalus (genus Nautilus evolved during the Cambrian, 542-
488 Mya [million years ago]), and with termites in 15-20 million year old 
amber (Wier et al., 2002, Pernice et al, 2007). 
 
Table 1. Proposed taxonomic outline (families, genera) of phylum Spirochaetes. (Ludwig et al., 2008; 
Euzéby, 2008). 
Phylum Spirochaetes    
Family I 
Spirochaetaceae 
Spirochaeta 
Borrelia 
Cristispira 
Treponema 
Family II 
Brachyspiraceae 
Brachyspira 
Family III 
Brevinemataceae 
Brevinema 
 
Family IV 
Leptospiraceae 
Leptospira 
Leptonema 
Turneriella 
Family V 
Incertae 
sedis
a 
Clevelandina  
Diplocalyx 
Hollandina 
Pillotina 
aUncertain placement of genera because isolates and DNA sequences are not available. 
1.1.3  Genetic characteristics 
Most spirochaetes have a typical circular chromosome. One exception is 
Borrelia burgdorferi, which has a linear chromosome, and linear and circular 
plasmids (Kobryn and Chaconas, 2002). Two chromosomes of different 
sizes are present in some species (e.g. Leptospira interrogans). Public data of 
complete genome sequences (0.91 to 4.69 Mbp) are currently available from 
16 strains (genera Borrelia,  Leptospira and Treponema)  (GOLD: Genomes 
OnLine Database v 2.0, 2008). 
1.1.4  Ecological niches and metabolism 
Spirochaetes are medically and ecologically important organisms that inhabit 
a diverse range of environments and embrace a wide variety of lifestyles. 
Many species are free-living in marine and limnic environments, soda lakes, 
hot springs, oil fields, soil, and intertidal microbial mat communities 
(Margulis et al., 1993; Charon and Goldstein, 2002, Pernice et al., 2007, 
Euzéby, 2008). Extremophilic (thermophile, alkaliphile, halophile) and 
mesophilic spirochaetes have been described (Euzéby, 2008). Others have 
adopted a commensal, symbiotic or parasitic relationship with eukaryotic 
hosts such as insects, molluscs, and vertebrates. Two genera (Brachyspira 
spp., some Treponema spp.) colonize the intestines of vertebrates. A   11
renowned example of a symbiotic relationship is that between spirochaetes 
of at least six different genera and wood-eating termites. These spirochaetes 
are consistently present in large numbers in the hindgut where they 
participate in bio-recycling of lignocellulose and nitrogen fixation 
(Warnecke  et al., 2007). Another example is the spirochetes that inhabit 
digestive or excretory organs of bivalve molluscs (Pernice et  al., 2007). 
Spirochaetes are metabolically diverse chemoorganoheterotrophic bacteria 
with complex nutrient demands, and they cover the entire spectrum of 
oxygen requirements. 
1.1.5  Cell morphology and motility 
Morphological characteristics distinguish spirochaetes from all other 
bacterial phyla, including other helically shaped bacteria. Most spirochaetes 
are helically coiled, but a flat wave and a coccoid cell shape have also been 
described (Dröge et al., 2006; Pernice et al., 2007; Charon et al., 2009). A 
variant spirochaete morphology, i.e. spherical bodies, is known to occur in 
vitro in some species of the genera Treponema,  Borrelia,  Leptospira, and 
Brachyspira, and in  vivo in spinal fluid of humans infected by Borrelia 
burgdorferi (Wood et al., 2006). Aging cultures and adverse conditions have 
been suggested as possible causes (De Ciccio et  al., 1999; Wood et  al., 
2006). The cell size among spirochaetes range from 0.1-3.0 µm in diameter 
and 2.0-180 (-500) µm in length depending on the species involved 
(Margulis et al., 1993; Hovind-Hougen et al., 1998; Charon and Goldstein, 
2002). Outside the cytoplasmic membrane are a thin peptidoglycan layer 
and an outer bilayered membrane, which is often referred to as the outer 
membrane sheath in spirochaetes. Subterminally attached bipolar 
periplasmic flagella, also known as axial filaments or endoflagella, reside in 
the periplasmic space, i.e. between the cell membrane and the outer 
membrane sheath. Spirochaetal flagella possess a unique structure and 
contribute to the spirochaetal morphology and motility (Charon and 
Goldstein, 2002). They form symmetrically arranged, helical ribbons or 
bundles that overlap in the midsection of the cells in many species (Charon 
et al., 2009). The numbers of periplasmic flagella per cell varies from 2-100s 
depending on the species (Charon and Goldstein, 2002). Asymmetrical 
flagellar rotation provides motility, and the cells penetrate and move 
efficiently in viscous media that would immobilize most other prokaryotes 
(Charon and Goldstein, 2002). A naturally occurring immotile spirochaete 
species has been described (Dröge et  al., 2006). Spirochaetes divide by 
binary fission.   12
1.1.6  Spirochaetal diseases 
Spirochaetes cause a range of diseases of vertebrate hosts (Table 2). The 
epidemiology, host spectrum, tissue tropism and tissue invasiveness vary 
widely between spirochaetal species. 
Table 2. List of selected pathogenic spirochaetes and spirochaetal diseases of vertebrates. 
Species Disease  Host  animal 
Treponema pallidum subsp. pallidum Syphilis  Human 
Treponema pallidum subsp. endemicum  Bejel (endemic syphilis)  Human 
Treponema pallidum subsp. pertenue Yaws  Human 
Treponema carateum Pinta  Human 
Treponema denticola, and others  Gingivitis, periodontitis  Human, dog 
Treponema paraluiscuniculi  Venereal rabbit 
spirochaetosis 
Rabbit 
Treponema spp.  Digital dermatitis  Cattle 
Borrelia recurrentis  Epidemic recurrent fever  Human 
Borrelia spp. (ca. 15 species)  Endemic recurrent fever  Human 
Borrelia burgdorferi sensu latu (ca. 12 
species) 
Lyme disease/Lyme 
borreliosis/borreliosis 
Human, dog, horse? 
Borrelia anserina  Avian spirochaetosis   Chicken, turkey, 
pheasant, goose, 
duck 
Leptospira interrogans serovar 
ichterohaemorrhagiae, and others 
Leptospirosis  Human, dog, cattle, 
pig, sheep, horse 
Brachyspira hyodysenteriae Swine  dysentery  Pig 
Brachyspira hyodysenteriae  Necrotizing typhlocolitis  Common rhea 
Brachyspira pilosicoli Spirochaetal  diarrhoea  Pig 
Brachyspira pilosicoli, B. intermedia, B. 
alvinipulli 
Avian intestinal 
spirochaetosis 
Chicken 
1.2  Genus Brachyspira 
Bacteria of genus Brachyspira (etymology Gr. brachy ‘short’ and speira ‘coil’) 
are oxygen tolerant anaerobic spirochaetes that colonize the epithelial cell 
lining of the intestinal tract of some mammals and birds. 
1.2.1  Taxonomy, systematics and genetics 
Genus  Brachyspira currently includes seven species that have standing in 
nomenclature, and six provisionally proposed species (Table 3). B. aalborgi is 
the type species of the genus. 
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Table 3. List of valid and proposed Brachyspira spp.
a 
Species  Published host range  Reference to species 
description or proposition
c 
B. aalborgi  Human, non-human primates  Hovind-Haugen et al., 1982 
B. hyodysenteriae  Pig, rat, mouse, common rhea, 
mallard (paper I), chicken, goose 
Taylor and Alexander, 1971; 
Harris et al., 1972 
B. innocens  Pig, dog, horse, chicken  Kinyon and Harris, 1979 
Stanton et al., 1992 
B. pilosicoli Multiple  species
b Trott  et al., 1996c 
B. intermedia Pig,  chicken  Stanton  et al., 1997 
B. murdochii  Pig, rat, chicken  Stanton et al., 1997 
B. alvinipulli  Chicken, domestic goose, Red-
breasted merganser (Mergus serrator), 
dog 
Stanton et al., 1998 
‘B. canis’ Dog  Duhamel  et al., 1998 
‘B. pulli’  Chicken, dog (paper IV)  Stephens and Hampson, 1999 
‘B. ibaraki’ Human  Tachibana  et al., 2003 
‘B. christiani’ Human  Jensen et al., 2001 
‘B. suanatina’ Pig,  mallard  Paper  II 
‘B. corvi’  Jackdaw (C. monedula), hooded crow 
(C. corone cornix), rook (C. frugilegus) 
Paper V 
aSpecies within quotation marks are not validated/recognized.; 
bHost range: 
 pig, dog, horse, 
non-human primates, human, chicken, pheasant, grey partridge, feral water birds, common 
rhea.; 
cAdditional references to host ranges: Joens and Kinion, 1982; Trott et al., 1996a; Trott 
et al., 1996c, Jensen et al., 1996; Duhamel et al., 1997; McLaren et al., 1997; Webb et al., 
1997; Oxberry et al., 1998; Trivett-Moore et al., 1998, Duhamel, 2001; Munchi et al., 2003; 
Johansson  et  al., 2004; Nemes et  al., 2006; Hampson et  al., 2006b; Jansson et  al., 2007; 
Thomson et al., 2007; Feberwee et al., 2008; I; IV. 
Over the years, there has been considerable taxonomic confusion. 
Originally, B. hyodysenteriae was described as a vibrio-like microorganism 
(Vibrio coli) (Lussier, 1962). A decade later, it was shown to fulfil Koch’s 
postulates, and it was identified as a spirochaete and renamed Treponema 
hyodysenteriae (Taylor and Alexander, 1971; Harris et al., 1972). Initially, this 
name was used for all intestinal spirochaetes isolated from pigs regardless of 
phenotypic properties and pathogenicity. Later, a weakly haemolytic, 
apparently non-pathogenic species present in pig faeces, was characterized 
and named T. innocens (Kinyon and Harris 1979). These species were then 
shown to be genetically closely related to each other, but rather distantly 
related to genus Treponema, and they were therefore reclassified in a new   14
genus Serpula (etymology Lat. ‘little serpent’) (Paster et al., 1991; Stanton et 
al., 1991), which was soon changed to Serpulina (Stanton, 1992). In 1996, 
another spirochete, previously proposed as Anguillina coli (Lee et al., 1993), 
was added to genus Serpulina as S. pilosicoli (Trott et al., 1996c), and it was 
soon followed by descriptions of S. intermedia and S. murdochii (Stanton et 
al., 1997). S. hyodysenteriae, S. innocens and S. pilosicoli were later unified 
with a spirochaete previously isolated from a human patient, B. aalborgi, in a 
common genus (Brachyspira) based on the principle of priority of publication 
(Ochiai et al., 1997). The new genus name was added as a footnote to the 
description of S. alvinipulli (Stanton et al., 1998). In 2006, S. intermedia and 
S. murdochii were officially unified with genus Brachyspira (Hampson and La, 
2006). 
The chromosome of Brachyspira spp. is circular and has a low genomic 
mol% G+C content (Table 4). Three ongoing or drafted complete genome 
projects have been officially reported (B. hyodysenteriae WA1, B. pilosicoli 
95/1000 and B. murdochii 56-150
T) (GOLD: Genomes OnLine Database v 
2.0, 2008). Genome sizes of B. hyodysenteriae B78
T, B. pilosicoli P43/6/78
T 
and B. murdochii 56-150
T are 3.2, 2.45 and 3.2 Mbp, respectively (Zuerner et 
al., 2004; GOLD: Genomes OnLine Database v 2.0, 2008). Prophage-like 
gene transfer agents (GTAs) have been detected in several Brachyspira spp. 
(Stanton et al., 2003; Motro et al., 2008). 
Table 4. Characteristics of type strains of Brachyspira spp. 
Species  Type strain  Mol% G+C  Cell 
diameter 
(µm) 
Cell length 
(µm) 
No. 
flagella/cell 
B. hyodysenteriae B78
T 25.8
b 
24.2
e 
25.9
c 
0.35±0.02
c 
0.3-0.4
b 
0.35-0.4
d 
9.78±1.87
x 
8-10
b 
6-8.5
d 
14-18
b 
16-24
c 
24-28
d 
B. intermedia PWS/A
T 25
d 0.35-0.45
d 7.5-10
d 24-28
d 
B. innocens B256
T 25.6
b 0.36±0.03
c 
0.3-0.4
b 
9.40±1.85
c 
7-10
b 
18-20
b 
20-26
c 
B. murdochii 56-150
T 27
d, 27.7
f 0.35-0.4
d 5-8
d 22-26
d 
B. alvinipulli C1
T 24.6
e 0.22-0.34
e 8-11
e 22-30
e 
B. pilosicoli P43/6/78
T 24.6
c 
24.9
b 
0.27± 0.03
c 
0.2-0.3
b 
6.27±0.98
c 
4-8
b 
8-12
c 
10-12
b 
B. aalborgi  513A
T 27.1
b 0.2
a 1.7-6
a  8
a, 8-10
b 
References: 
aHovind-Hougen et al., 1982; 
bOchiai et al.,1997; 
cTrott et al., 1996c. 
dStanton 
et al., 1997; 
eStanton et al., 1998; 
fGOLD: Genomes OnLine Database v 2.0, 2008.   15
1.3  Brachyspira spp. in mammals 
All presently known Brachyspira spp. colonize the intestinal tract of 
mammals and birds. The known host species ranges are shown in Table 3. 
A number of additional unidentified intestinal spirochaetes have been 
reported from various mammals such as guinea pigs, North American 
opossums, raccoons, house mice, field mice, nutria, rabbits, voles, cattle, 
and sika deer. B. hyodysenteriae and B. pilosicoli cause disease in pigs. In other 
mammals, a disease association has not been firmly established. 
1.3.1  Intestinal spirochaete diseases of swine 
Swine dysentery (SD), caused by B.  hyodysenteriae, is a severe 
mucohaemorrhagic diarrhoeal disease that affects growing and finishing pigs 
in all major pig producing countries (Fig 1-4) (Hampson et al., 2006a). The 
bacteria colonize the caecum, colon and rectum. Economic losses are caused 
by increased mortality, reduced growth, poor feed conversion, and 
medication expenses. Pigs become infected by ingestion of faeces from 
diseased animals or clinically healthy shedders. 
 
Figure 1-4. Swine dysentery. Affected pig between two healthy pigs of the same age (upper 
left). Mucoid diarrhoea with flecks of blood (upper right). Grossly, there is thickening and   16
congestion of the colonic mucosa and mucus adhering to the mucosal surface (lower left). 
Microscopic picture of superficial colonic epithelium (lower right) Mucous secretions, 
fibrin, desquamated leukocytes and cell debris are visible on the mucosal surface. Vessels are 
congested and focal necrosis and degeneration of epithelial cells is present. Spirochaetes are 
present in large numbers in dilated crypts in the adluminal epithelium but are poorly 
visualized by H&E staining. (H&E, original magnification ×200). Photo: DS Jansson. 
B. pilosicoli causes mild to moderate typhlocolitis in pigs, i.e. spirochaetal 
diarrhoea, porcine colonic spirochaetosis or porcine intestinal spirochaetosis 
(PIS) (Hampson and Duhamel, 2006). It often affects pigs a few weeks after 
weaning. The infection causes watery or cement-like, sometimes mucoid or 
blood-flecked diarrhoea, unthriftiness, poor feed conversion and failure to 
reach market weight in due time (Hampson and Duhamel, 2006). B. 
innocens and B. murdochii are considered as non-pathogenic in pigs, whereas 
the enteropathogenic potential of B. intermedia is a somewhat contentious 
issue (Hampson et al., 2006a). 
1.3.2  Human intestinal spirochaetosis 
B. pilosicoli, B. aalborgi and as yet uncharacterized spirochaetes colonize the 
human large intestine, which is known as human intestinal spirochaetosis 
(HIS). Intestinal spirochaetes have been implicated as causes of colitis with 
chronic diarrhoea, rectal bleeding, abdominal pain, and retarded growth. 
Spirochaetemia by B.  pilosicoli is known to occur in debilitated patients 
(Trott  et  al., 1997). A healthy human volunteer developed nausea, 
abdominal discomfort, bloating and headaches following experimental 
colonization by the human B. pilosicoli strain WesB (Oxberry et al., 1998). 
B. pilosicoli shows a high prevalence (21-64%) in developing countries and 
in male homosexuals and HIV-positive persons in Western societies, 
whereas the incidence of B.  aalborgi is lower (5.6-7.9% in Australian 
populations) and seems to be less affected by social structures and ethnicity 
(Mikosza and Hampson, 2001; Brooke et  al., 2006). However, a recent 
paper showed that the prevalence of B. aalborgi may be higher (on average 
24.7%) than previously reported (Munshi et al., 2008). Chickens and pigs 
have been successfully colonized by strains of B. pilosicoli originating from 
humans, pigs and dogs (section 1.6 and Trott et  al., 1996b). Results of 
multilocus enzyme electrophoresis (MEE) and pulsed field gel 
electrophoresis (PFGE) on isolates from a variety of animal species, 
including humans, show that B.  pilosicoli seems to lack host specificity, 
which suggests the possibility of zoonotic transfer (Trott et  al., 1998; 
Hampson et al., 2006c).   17
1.4  Brachyspira spp. in birds 
1.4.1  Historical aspects 
Early accounts of intestinal spirochaetes in birds involved morphological 
descriptions from red grouse (Lagopus  lagopus  scoticus), chickens (Gallus 
gallus), turkeys (Meleagris  gallopavo) and pheasants (Phasianus  colchicus) 
(Fantham, 1910; Harris, 1930; Mathey and Zander, 1955). In 1986, 
intestinal spirochaetes were isolated from chickens, and an association with 
enteric disease was suggested (Davelaar et al., 1986). 
1.4.2  Avian host range 
The published avian host range includes orders Galliformes,  Anseriformes, 
Struthioniformes, Phoenicopteriformes, and Passeriformes (Table 5). 
Table 5. Published avian host range of Brachyspira spp. detected by isolation or PCR. 
Bird category/species  Latin name  First reference 
Poultry and farmed birds    
Chicken  Gallus gallus Davelaar  et al., 1986 
Turkey  Meleagris gallopavo  Shivaprasad et al., 2005 
Pheasant  Phasianus colchicus  Webb et al., 1997 
Grey partridge  Perdix perdix  Jansson et al., 2001a 
Mallard  Anas platyrhynchos  Jansson et al., 2001a 
Domestic geese  Anser anser Nemes  et al., 2006 
Common rhea  Rhea americana  Sagartz et al., 1992 
Ostrich  Struthio camelus  Stoutenburg and Swayne, 1992 
Zoological gardens    
Pintail  Anas acuta Stoutenburg  et al., 1995 
Chiloe widgeon  Anas sibilatrix  Stoutenburg et al., 1995 
Black swan  Cygnus atratus  Stoutenburg et al., 1995 
Greater flamingo  Phoenicopterus ruber Stoutenburg  et al., 1995 
Common rhea  Rhea americana  Sagartz et al., 1992 
Free-living wild and/or feral birds
a  
Mallard  Anas platyrhynchos Oxberry  et al, 1998 
Red-breasted merganser  Mergus serrator  Jansson et al., 2007b 
Jackdaw 
Rook 
Hooded crow 
Corvus monedula 
Corvus frugilegus 
Corvus corone cornix 
Paper V 
Paper V 
Paper V 
aIntestinal spirochaetes, (presumably Brachyspira spp.) were detected by indirect fluorescent 
antibody test in Ohio, USA in American widgeon (Anas americana), green winged teal (Anas   18
crecca), North American wood duck (Anas  sponsa), American black duck (Anas  rubripes), 
gadwall (Anas  strepera), redhead (Aythya  americana) and Canadian goose (Branta canadensis) 
(Swayne and McLaren, 1997). 
1.4.3  Disease and production losses in chickens 
The term avian intestinal spirochaetosis (AIS) (Swayne and McLaren, 1997) 
is often used in association with intestinal spirochaete colonization in birds. 
Since the definition of AIS varies, and as it may be mistaken for ‘avian 
spirochaetosis’ (acute septicaemic borreliosis, caused by Borrelia anserina) the 
term will henceforth not be used in this thesis. 
Numerous case reports and field surveys jointly suggest an association 
between Brachyspira spp. colonization and intestinal disease and production 
losses in chickens (Davelaar et al., 1986; Griffiths et al., 1987; Swayne et al., 
1992, Trampel et  al., 1994; Stephens and Hampson, 1999; Burch et  al. 
2006; Bano et  al., 2008; Feberwee et  al., 2008). There is experimental 
support for the disease association regarding B. alvinipulli (Swayne et al., 
1995), B. pilosicoli (Stephens and Hampson, 2002a), and B. intermedia (Dwars 
et al., 1990, 1991, 1992, 1993; Hampson and McLaren, 1999; Hampson et 
al., 2002). Reported signs include diarrhoea or wet droppings, pasty vents, 
wet litter, faecal staining of eggshells (Fig. 5), increased faecal fat content, 
reduced feed conversion, approximately 5-10% reduced egg production, 
delayed start of egg laying, growth retardation, decreased egg weight, poor 
eggshell quality, and increased mortality. Reduced growth and poor feed 
digestion were reported in Brachyspira culture-negative broilers hatched 
from eggs produced by Brachyspira colonized parents (Smit et al., 1998). By 
experimental challenge with strains of B. intermedia or B. pilosicoli, chicks 
developed diarrhoea within 7-9 days (Hampson and McLaren, 1997). In 
another experimental study in laying hen pullets, challenge with a B. 
intermedia strain of chicken origin (strain HB60) caused wet droppings, 
reduced growth, and significantly lower egg production and egg weights 
(Hampson and McLaren, 1999). Challenge of broiler breeder hens by B. 
pilosicoli (CPSp1) caused wet droppings and a severe drop in egg production 
during an 11 week trial (Stephens and Hampson, 2002a). Other causes of 
wet, sticky faeces and diarrhoea in chickens include some dietary 
components, excessive water consumption, and various infectious agents.   19
 
Figure 5-6. Faecal staining of eggshell (left). Caecal contents in a laying hen (right). The flock 
was colonized by B. intermedia, B. innocens and B. murdochii, and suffered losses from reduced 
egg production and faecal stains on 10% of laid eggs. Photo: DS Jansson. 
 
Figure 7. Luminal aspect of a caecum of a laying hen from another flock colonized by B. 
intermedia and B. innocens. Photo: DS Jansson. 
Economic losses from Brachyspira colonization are mainly caused by the 
reduced egg production and downgrading of shell eggs to lower value eggs 
for processing. Annual losses from B. pilosicoli and B. intermedia colonization 
of laying hens alone were estimated in the United Kingdom in 2006 to £14 
million or 1.5% of the production value (Burch et al., 2006; Hampson and 
Swayne, 2008).   20
1.4.4  Pathologic findings in chickens 
Chickens colonized by B.  intermedia,  B.  pilosicoli and B.  alvinipulli show 
unapparent to mild gross and microscopic changes. The caecal contents are 
normal or yellowish, gassy, wet, frothy or sticky (Fig. 6-7) (Dwars et al., 
1990. 1992, 1993; Swayne et  al., 1995; Hampson and McLaren, 1999; 
Stephens and Hampson, 2002a; Feberwee et  al., 2008). Histologically, a 
mild to moderately severe focal to diffuse infiltration in the lamina propria 
by lymphocytes and heterophilic granulocytes, distended crypts, crypt 
elongation, goblet cell hyperplasia, erosions and apical vacuolization of 
epithelial cells have been reported (Davelaar et al., 1986; Griffiths et al., 
1987; Swayne et  al., 1995; Feberwee et  al., 2008). By Warthin-Starry 
staining (WS) spirochaetes appear brown to black (Fig. 7-8). B. intermedia 
and B. alvinipulli are randomly scattered in crypts (Fig. 7 & 9) and on the 
epithelial surface. Occasionally, spirochaetes are observed within and below 
the epithelial cell lining (Fig. 8). B. pilosicoli attach to enterocytes as a dense 
uniform layer on the mucosal surface, i.e. a false brush border. 
 
Figure 7. Caecal mucosa of a laying hen colonized by Brachyspira spp. (species not 
determined). Spirochaetes are located in the crypts (arrows). WS, original magnification 
×200. Photo: DS Jansson.   21
 
Figure 8. Caecal mucosa of a laying hen from a flock colonized by B. intermedia, B. innocens 
and B. murdochii. Spirochaetes are present between epithelial cells and in the lamina propria. 
WS, original magnification ×1000. Photo: DS Jansson. 
1.4.5  Control options 
Cleaning and disinfection between batches of birds, strict biosecurity 
routines and rodent control should be applied to avoid colonization and to 
prevent transmission between chicken flocks (Hampson and Swayne, 2008). 
In-feed zink bacitracin and dietary enzymes may reduce colonization with 
B.  intermedia, whereas zinc bacitracin may enhance colonization with B. 
pilosicoli (Hampson et al., 2002; Jamshidi and Hampson, 2002). No vaccines 
are currently available for use in poultry or other animals. Reports of 
antimicrobial treatment by dimetridazole, 5-nitroimidazole, lincomycin, 
lincomycin/spectinomycin, chlortetracycline, oxytetracyclin, and tiamulin 
have been published, but with variable results (Griffiths et al., 1987; Smit et 
al., 1998; Stephens and Hampson, 1999; Stephens and Hampson, 2002b; 
Burch  et  al., 2006). Lack of appropriate licensed products and long 
withdrawal times for eggs for human consumption often restrict the use of 
antimicrobials in poultry.   22
 
Figure 9. Transmission electron microscopic picture of a transversely cut caecal crypt 
containing intestinal spirochaetes. B. intermedia was isolated from a caecal scraping of this 
laying hen. Original magnification ×4100. Photo: T Nikkilä and DS Jansson. 
1.4.6  Disease in other bird species 
In the 1990s, intestinal spirochaetes were isolated from farmed common 
rheas (Rhea  americana) in the United States in association with severe 
fibrinonecrotic typhlocolitis and 25-80% mortality rates (Sagartz et al., 1992; 
Buckles  et  al., 1997). B.  hyodysenteriae was identified from affected birds 
(Jensen et al., 1996). Gross and histologic lesions have been experimentally 
reproduced after challenge with rhea isolates in common rhea chicks, but 
not in pigs (Swayne, 1994; Stanton et al., 1997). 
Sporadic reports of spirochaete colonization and enteric disease have also 
been published from turkeys (B.  pilosicoli), game birds (B.  pilosicoli and 
uncharacterized species) and geese (B.  alvinipulli and B.  hyodysenteriae) 
(Webb et al., 1997; Jansson et al., 2001a; Shivaprasad and Duhamel, 2005; 
Nemes et al., 2006). Experimental challenge of goslings with strains from 
goose field cases produced mild epithelial changes (Ivanics et al., 2007).   23
1.4.7  Epidemiology 
Colonization of chickens by Brachyspira spp. has been reported from many 
parts of the world, including Europe (Belgium, Finland, the Netherlands, 
Italy, Poland, Sweden, the United Kingdom, former Yugoslavia), the 
United States, Mexico, Iran and Australia (Davelaar et al., 1986; Griffiths et 
al., 1987; Swayne et al., 1992; Trampel et al., 1994; McLaren et al., 1996; 
Stephens and Hampson, 1999; Jansson et al., 2001b; Kizerwetter-Swida et 
al., 2005; Thomson et al., 2007; Razmyar et al., 2007; Skrzypczak et al., 
2007; Corona-Barrera et  al., 2007; Bano et al., 2008; IV). Field surveys 
(Table 6) indicate that colonization is widespread among laying hens and 
broiler breeder flocks, but is a rare event in broilers. Only one field case in 
broilers has been documented (Dwars et al., 1990). Speculatively, young 
age, application of biosecurity routines, and use of ionophore coccidiostats 
and medicated feed for growth promotion may explain the results. The 
within-flock prevalence in chickens varies from 10-100% (McLaren et al., 
1996; Stephens and Hampson, 1999; Bano et al., 2008). 
The source of Brachyspira spp. on poultry farms has not been identified. 
Cross-infection between flocks on the same farm likely occurs by indirect 
transmission by animal care-takers or contaminated equipment, and possibly 
by flies or rodents (Joens and Kinyon, 1982; Phillips et al., 2005). Survival 
times of avian strains (B. intermedia HB60, B. pilosicoli CPSp1) in chicken 
faeces under laboratory conditions varied from 41-84 hours at 4°C, and 17-
74 hours at 25°C (Phillips et al., 2003). Reported survival times in chicken 
faeces were shorter than those previously reported for B.  pilosicoli 
(P43/6/78
T) in pig faeces and soil (Boye et al., 2001). Little information on 
the influence of housing systems on Brachyspira colonization in laying hens 
has been published. No difference in prevalence between chickens housed 
in cages and in litter-based housing systems was observed in a field survey 
(Dwars et al., 1989). In another study, free-range birds were at higher risk 
than birds housed indoors (Wagenaar et al., 2003). A significant association 
between type of manure disposal and colonization was found, with hens in 
sheds with deep pits at higher risk than those in sheds with conveyor belts 
(Bano et al., 2008). The flock size did not influence colonization (Bano et 
al., 2008). An age-related difference in colonization of laying hen flocks has 
been reported, with old hens at higher risk than young birds (Stephens and 
Hampson, 1999; Jansson et  al., 2001b; Phillips et  al., 2005; Bano et  al., 
2008). Prolonged colonization (23 weeks-9 months) has been reported from 
challenge trials (Dwars et al., 1990, 1993).   24
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1.4.8  Molecular studies of avian strains 
The first attempts to characterize avian strains of Brachyspira spp. were made 
by MEE in the United States and Australia (Swayne et al., 1995; Stanton et 
al., 1996; Trott et al., 1996a; McLaren et al., 1997). MEE is a subtyping 
method by which selected cytoplasmic enzymes are electrophoretically 
separated according to their mass, charge and conformation (Boerlin, 1997). 
Detected strain variations reflect amino acid sequence differences in 
isoenzymes and allozymes. This technique has been widely used in 
microbiology for population genetics and epidemiology. In the early 
studies, isolates from common rheas, chickens and waterfowl were 
investigated. It was shown that isolates from common rheas were closely 
related to the type strain of B. hyodysenteriae (Trott et al., 1996a), which was 
confirmed by other molecular methods (Jensen et al., 1996). Isolates from 
chickens with diarrhoea on a farm in the United States were shown to differ 
from all known porcine isolates (Swayne et al., 1995; Stanton et al., 1996; 
Trott et al., 1996a). These isolates were later confirmed by other methods as 
a new species, B. alvinipulli (Stanton et al., 1998). One waterfowl isolate was 
identified as B.  pilosicoli (Trott et  al., 1996a). In another study, chicken 
isolates originating from Australia, the United States and Europe were 
shown to be heterogenous, and by comparison with porcine strains, B. 
intermedia and B. pilosicoli, B. innocens, B. murdochii were detected (McLaren 
et al., 1997). In a more resent study, MEE analysis of Australian isolates 
from chickens detected B.  intermedia,  B.  pilosicoli,  B.  murdochii, and B. 
innocens, as well as several unidentified electrophoretic groups (Stephens et 
al., 2005). One of these groups had previously been observed by MEE 
(McLaren et al, 1997) and had been proposed as ‘B. pulli’ (Stephens and 
Hampson, 1999). 
A range of single and duplex species-specific PCRs have been designed 
to detect Brachyspira spp. and have been applied to isolates from chickens 
and other birds (Stephens and Hampson, 1999; I; Kizerwetter-Swida et al., 
2005; Phillips et  al., 2005; Phillips et  al., 2006; Oxberry et  al., 1998; 
Stephens and Hampson, 1999; Råsbäck et  al., 2007; Bano et  al., 2008; 
Feberwee et al., 2008; IV; V). PCRs may be used on cultures or on faeces. 
However, the sensitivity when applied to faecal samples is hampered 
because of presence of inhibitory factors (Lantz et al., 2000; Phillips et al., 
2006). It has been suggested that the low pH and the presence of uric acid 
in chicken faeces are particularly problematic (Phillips et al., 2006). The 
prevalence of the enteropathogens B.  intermedia and B.  pilosicoli in 
commercial chickens have been investigated by PCR (Stephens and   26
Hampson, 1999; Bano et al., 2008). In an Italian study, B. intermedia and/or 
B. pilosicoli were detected on 24.4% of colonized farms (Bano et al., 2008). 
In an Australian study, a selection of isolates from laying hens and broiler 
breeders were analyzed by PCR (Stephens and Hampson, 1999). Among 
colonized flocks, 56% were PCR positive for B.  intermedia and/or B. 
pilosicoli with the latter species being almost twice as common. 
Sequencing of the 16S rRNA gene and phylogenetic analysis were used 
to study avian Brachyspira spp. strains (Swayne et al., 1995; Jensen et al., 
1996; Stanton et al., 1996; I; Phillips et al., 2005; Townsend et al., 2005; 
Nemes et al., 2006; II; Feberwee et al., 2008; IV; V). The results showed 
good agreement with MEE, PCR and NADH oxidase (nox) gene 
sequencing, but also some limitations (see section 4.3) (Stanton et al., 1996; 
Phillips et al., 2005; Townsend et al., 2005). Other molecular methods that 
have been applied to avian strains include protein electrophoresis and 
immunoblotting (Jensen et  al., 1996), ribotyping (Jensen et  al., 1996), 
RFLP-PCR (Wagenaar et al., 2003; Townsend et al., 2005; Bano et al., 
2008), PFGE (Trott et al., 1996a; Suriyaarachchi et al., 2000; I; Phillips et 
al., 2005), randomly amplified polymorphic DNA (RAPD) (I; II, III, V), 
amplified fragment length polymorphism (AFLP) (van Bergen and 
Wagenaar et al., 2003), multi-locus sequence typing (MLST) (Råsbäck et al., 
2007), and nox gene sequencing (Atyeo et al., 1999; I; Townsend et al., 
2005; Råsbäck et al., 2007; III; V). 
1.5  Animal models 
Animal models with pigs, guinea pigs, mice and chickens have been used to 
investigate colonization, host ranges, immune responses, and pathogenicity. 
Experimental challenge of pigs and mice are most commonly used to study 
SD (Hutto and Wannemuehler, 1999; Jacobsson et al, 2004). Many different 
Brachyspira strains colonize the intestines of chickens (Table 7). Most used 
strains (except 155-5, B256
T, 155-20, 27042-94B, and 513A
T) were shown 
to colonize chickens, and a majority (except CPSi1, SP16, 16242-94, Rosie 
2299) were reported to produce mild intestinal signs and/or microscopic 
lesions. A few trials have been performed in other bird species, including 
geese (Ivanics et al., 2007, section 1.4.5), common rheas (Swayne, 1994, 
Buckles, 1996, section 1.4.5) and mallards (Buckles, 1996). The mallards 
were challenged with a B. hyodysenteriae strain (R1) from a common rhea 
(Buckles, 1996). The birds were colonized, but lesions were not observed. 
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Table 7. Challenge trials in chickens (uncharacterized/unnamed strains not included). 
Origin  Brachyspira spp.  Strain(s)  Reference 
Chicken  B. intermedia 1380,  HB60  Dwars  et al., 1990, 1991, 1993; 
Hampson and McLaren, 1999; 
Hampson et al., 2002; Phillips et al., 
2004a, 2004b 
  B. pilosicoli  CPSp1  Stephens and Hampson, 2002a, 
2002b; Jamshidi and Hampson, 
2002 
  B. alvinipulli  C1 Swayne  et al., 1995 
  B. innocens  CPSi1  Stephens and Hampson, 2002a 
Common 
rhea 
B. hyodysenteriae  R1 Swayne,  1994 
Pig  B. hyodysenteriae B78
T, B204
R; WA15; 
SA3 
Adachi et al, 1985; Sueyoshi et al., 
1986, 1987; Sueyoshi and Adachi, 
1990 Trott et al., 1995; Trott and 
Hampson, 1998 
  B. intermedia  889  Trott and Hampson, 1998 
  B. innocens  B256
T; 155-5  Muniappa et al., 1997; Trott et al., 
1995; Muniappa et al., 1997 
  B. murdochii  155-20  Trott and Hampson, 1998 
  B. pilosicoli  1648, 3295; UNL-3, 
UNL-5, UNL-8, 
D9201243A, 
T9300098, T9301604B 
Trott et al., 1995; Muniappa et al., 
1997; Trott and Hampson, 1998 
Chiloe 
widgeon 
B. pilosicoli  S76 Swayne  et al., 1993 
Dog  B. pilosicoli K9-12,  16242-94  Muniappa  et al., 1996 
  B. innocens 27042-94B  Muniappa  et al., 1996 
Human 
 
 
B. pilosicoli  SP16, WesB, Kar, GAP 
401, Rosie 2299, 
HIV3AB2 
Muniappa et al., 1996, 1998; Trott 
et al., 1995; Trott and Hampson, 
1998; Jamshidi and Hampson, 2003 
  B. aalborgi  513A
T  Trott and Hampson, 1998 
Rhesus 
monkey 
B. pilosicoli  MMU27669, 
MMU26986, 
MMU26717 
Muniappa et al., 1998 
1.6  Virulence attributes and pathogenesis 
Virulence mechanisms and pathogenesis of Brachyspira spp. in mammals and 
birds are poorly understood and have focused on SD and PIS. SD is a 
multifactorial disease, with the aetiologic agent interacting with a range of 
other factors such as host immunity, intestinal microbiota and diet   28
(Jacobsson, 2004; Hampson et al., 2006a). Suggested virulence mechanisms 
and factors include motility, chemotaxis, oxygen tolerance, 
lipooligosaccarides, lipopolysaccharides, and β-haemolysins (Hampson et al., 
2006a). Cells of B. hyodysenteriae are highly motile in viscous media, and are 
attracted to mucosal glycoproteins (Kennedy and Yancey, 1996). Targeted 
mutation of motility genes of B. hyodysenteriae produced strains that failed to 
colonize mice and showed reduced virulence (Rosey et al., 1996; Kennedy 
et al., 1997). The aerotolerance of Brachyspira spp. emanates from NADH 
oxidase activity (Stanton et  al., 1993, 1999). This enzyme has been 
suggested to protect bacteria when exposed to the oxygen respiring mucosa. 
A nox-defective mutant of B. hyodysenteriae lacked virulence (Stanton et al., 
1999). β-haemolytic activity has long been associated with virulence in B. 
hyodysenteriae. Extracted haemolysin from B.  hyodysenteriae causes lysis of 
erythrocytes, cytotoxic effects in eukaryotic cell lines and epithelial lesions 
in a murine SD model (Hutto and Wannemuehler, 1999). The first putative 
β-haemolysin genes, tlyA, tlyB, and tlyC, in B. hyodysenteriae strain B204
R 
(Muir  et  al., 1992; ter Huurne et  al., 1994), were later suggested to be 
transcriptional regulators (Hsu et al., 2001). The β-haemolysin gene hlyA of 
B. hyodysenteriae has been identified (Hsu et al., 2001), but interestingly, it is 
also present in the weakly β-haemolytic species B. pilosicoli (Zuerner et al., 
2004). 
The pathogenesis of PIS (caused by B. pilosicoli in pigs) is even more 
poorly understood. In this case the bacterial cells attach to the apical cell 
membrane of enterocytes in large numbers, but also invade crypts, 
epithelium and the lamina propria (Hampson and Duhamel, 2006). 
Adhesins and invasins have, however, not yet been identified. DNA of B. 
pilosicoli did not hybridize with probes derived from attachment and invasin 
determinants of Yersinia enterocolitica, Shigella flexneri and enteropathogenic 
Escherichia coli (Hartland et al., 1998). It has been suggested that the epithelial 
damage and loss of available epithelial surface may lead to reduced fluid and 
nutrient absorption (Gad et al, 1977; Muniappa et al., 1998; Hampson and 
Duhamel, 2006).   29
2  Aims of the thesis 
This thesis deals with various aspects of intestinal spirochaete colonization 
by members of genus Brachyspira among domestic and free-living wild birds. 
The thesis was based on the hypotheses that some bird species support a 
diverse population of Brachyspira spp., and that free-living wild birds are 
epidemiologically significant as reservoirs. The specific aims were: 
 
¾ To study the prevalence of Brachyspira spp. in free-living wild mallards, 
and to characterize to species level a selection if isolates from farmed and 
free-living wild mallards that possess phenotypic characteristics of the 
swine dysentery agent (B. hyodysenteriae) (papers I and II). 
¾ To investigate whether Brachyspira spp. that are genetically closely related 
to B. hyodysenteriae can colonize pigs and cause enteric disease (paper 
III). 
¾ To modify and apply a chicken challenge model of SD in mallards to 
investigate colonization rates and assess morphological changes associated 
with B. hyodysenteriae and related bacteria in mallards (paper III). 
¾ To study the occurrence of Brachyspira spp. in commercial laying hens in 
different housing systems in Sweden. To characterize a subset of the 
isolates to species level, with special focus on pathogenic species (B. 
alvinipulli, B. intermedia and B. pilosicoli) (paper IV). 
¾ To collect and characterize intestinal spirochaetes from a free-living wild 
bird population where selection was based on a previous screening study 
(paper V).   30
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3  Considerations on Materials and 
Methods 
3.1  Study populations 
The choice of avian study populations was based on the literature and 
screening data (Jansson et al, unpublished). Selection criteria for free-living 
wild birds included a favourable conservation status, availability of high-
quality samples, and preferably an urban and/or farmland habitat. 
3.1.1  Laying hens  
The chicken (Gallus gallus domesticus) is the most numerous poultry species 
for egg and meat production around the world. It is descended from South 
Asian forest-dwelling junglefowl (Al-Nasser et  al., 2007; Eriksson et  al., 
2008). The earliest archaeological findings of possible domesticated chickens 
date from 5400 B.C. in China, and from 2500-2100 B.C. in the Indus 
Valley (Al-Nasser et al., 2007). The modern poultry industry is the result of 
selection for high-yielding genotypes, improved nutrition, housing and 
management, and control of infectious diseases by biosecurity, vaccination 
and antimicrobials. In 2005, the global number of laying hens was estimated 
to include 5,700 million birds and the egg production was approximately 60 
million tons, with an annual growth of 1.5% (WATT90 Executive Guide to 
World Poultry Trend 2007/2008). In Europe, the number of laying hens 
has remained stable during the last decade, with 722 million birds in 2005. 
Approximately 5.3 million laying hens were kept in Sweden in June 2007 
(Sveriges Officiella Statistik, 2008). The laying hen population in Sweden is 
based on imported grandparent or parent stock. Pullets, i.e. laying hens 
before start of lay, arrive to egg producing farms at about 16 weeks of age. 
The birds are kept until 70-80 weeks of age.   32
On a global basis, the majority of laying hens are housed in conventional 
(non-enriched) cages. In the member states of the European Union, three 
different types of housing systems are allowed; conventional cages 
(minimum area 550 cm
2/hen), enriched cages (minimum area 750 cm
2 per 
hen, cages contain perches, dust-bathing facilities and nest boxes), and non-
cage systems with litter-area, perches and nest boxes (maximum number of 
hens is 9/m
2 usable area) (Council Directive 1999/74/EC, 1999). 
Conventional cages will be prohibited by 2012. The Swedish Animal 
Welfare Ordinance from 1988 prohibited conventional cages for laying hens 
from 1999, but time-limited individual exemptions were granted until 
January, 2004. When the sampling for paper IV was performed (May 2003-
June 2004), the industry was in the process of exchanging conventional 
cages for other housing systems. At the beginning of the study, 33.3% of the 
eggs delivered to egg packing plants were produced from hens housed in 
conventional cages, 20.8% from hens in enriched cages and 45.9% from 
hens in litter-based housing systems (data from January-April, 2003; 
EuroEgg and Business AB, 2006). At the end of the sampling period (data 
from May-August, 2004) 13.5% of the eggs were produced by hens in 
conventional cages, 35.6% from hens in enriched cages and 59.3% by hens 
in litter-based housing systems (EuroEgg and Business AB, 2006). 
3.1.2  Mallards 
In paper I, mallards from a game farm, presumed free-living wild (non-
ringed) mallards in a public park, and autumn-migrating free-living wild 
mallards were sampled for Brachyspira spp. The mallard is a Holarctic 
waterfowl species that is the ancestor of most domestic ducks. In Sweden, 
the guesstimated population size is 100,000-150,000 breeding pairs 
(Svensson et al., 1999). Mallard habitats consist of shallow water, such as 
lakes, marshes, flooded fields, wetlands, park ponds, streams and rivers, 
where the birds dabble for aquatic vegetation, gastropods, insects, 
arthropods, small fish, fish eggs, tadpoles, snails and frogs. They may take 
advantage of other food resources such as crops and grass. Their adaptability 
often brings them in close contact with humans. The mallard is also an 
important game species, and large numbers of birds are raised on game 
farms for release and hunting in many countries, including Sweden. Analysis 
of recovery data of mallards ringed in southern Sweden has shown that most 
birds sampled in the autumn spend the breeding season in Finland, Russia 
and the Baltic States, and the winter season in southern Sweden, Denmark, 
and Western Europe (Wallensten et al., 2007).   33
3.1.3  Corvid birds 
In paper V, three species of corvid birds were sampled during spring and 
summer. The population sizes include approximately 300,000-800,000 
jackdaws, 500,000-1,000,000 hooded crows, and 46,000 rooks (Svensson et 
al., 1999). All three species are omnivorous and opportunistic feeders. They 
are found across Europe and Asia. Jackdaws breed in arable areas, in villages 
and cities in the southern half of Sweden, and along the coast northwards. 
Hooded crows breed in a wide variety of habitats all over the country, and 
rooks breed locally in colonies in southern Sweden (Fransson and Hall-
Karlsson, 2008). Bird recovery data show that all three species migrate in 
late autumn in a south-western direction (Fransson and Hall-Karlsson, 
2008). Most rooks migrate to Denmark. The majority of jackdaws and 
hooded crows stay in southern Sweden during the winter season, whereas a 
subset migrates to Denmark or north-western continental Europe (Fransson 
and Hall-Karlsson, 2008). The populations of jackdaws and rooks that were 
sampled for paper V probably intermingle to some extent at stopover sites 
in early spring on their return from over-wintering areas (Fransson, T, 
Naturhistoriska Riksmuseet, Stockholm, personal communication). 
3.2  Laboratory diagnostics 
3.2.1  Selective culture and phenotypic tests 
Isolation of Brachyspira spp. requires at least 2-5 days of anaerobic incubation 
at 37-42˚C in a selective culture medium supplemented with 5-10% blood 
(usually ovine or bovine blood). The diagnostic approach on solid media 
used in this thesis is outlined in Fig. 10-11. On agar plates, Brachyspira spp. 
produce colonies of varying size and appearance, and/or a diffuse haze on 
the agar surface (Fig. 12). Phenotypic tests are used for presumptive species 
determination (Fig. 10-11, Table 8). In paper II and III, broth culture was 
used to produce large numbers of viable cells for experimental challenge. 
The strains were obtained from storage, passaged once and incubated 
anaerobically in brain heart infusion broth (BHI) (Difco) with 10% foetal 
calf serum (FCS) at 37˚C on a shaking platform. 
3.2.2  Antimicrobial susceptibility testing 
Antimicrobial susceptibility testing was performed in study II by a 
previously described broth dilution method (Karlsson et al., 2001).   34
 
Figure 10. Diagnostic procedure of Brachyspira spp. Samples were transported in Amies 
medium (Venturi Transystem
®, Copan Innovation, Italy). They were streaked on selective 
Brachyspira agar plates (blood agar base No. 2, 5% ovine blood, 1% sodium ribonucleate, 
spectinomycin (800 µg/ml), vancomycin (25 µg/ml), colistin (25 µg/ml), and were 
incubated at 42°C for 6 days. An appropriate atmosphere (90-95% H2, 5-10% CO2) was 
obtained by use of gas packs and anaerobic jars. The sensitivity of the isolation procedure 
used is 10
2 CFU/g faeces for B.  hyodysenteriae (Fellström et  al., 2001). Isolates were 
subcultured on fastidious anaerobe agar plates (FAA) (LabM) supplemented with 10% equine 
blood. The isolates were tested for intensity of β-haemolysis on trypticase soy agar (TSA) 
supplemented with 5% bovine blood, indole spot test (left lower picture), hippurate cleavage 
capacity (right lower picture, blue tube), and α-galactosidase and β-glucosidase activity (right 
lower picture, middle and right tubes) as previously described (Fellström and Gunnarsson, 
1995; Fellström et al., 1999).   35
 
Figure 11. Subculture of Brachyspira spp. Isolates were subcultured to purity by broth dilution 
(IV, V). Bacteria were suspended in BHI (Difco), and a serial 10-fold dilution was 
performed. Samples calculated to contain 1-100 bacterial cells per 0.1 ml were seeded on 
separate FAA plates that were immediately subcultured anaerobically at 42°C for 48-72 h. 
Following incubation, all subcultures were subjected to phenotypic tests. Isolates were stored 
in liquid nitrogen in beef broth with 10% equine serum and 15% glycerol. 
 
Figure 12. Morphology on a FAA plate of B. intermedia isolated from a lying hen. (The β-
haemolysis is not visible in this picture.) Photo: B Ekberg & DS Jansson, SVA.   36
Table 8. Phenotypic features for presumptive species identification of Brachyspira spp.  
Species  β-haem IS  Hipp  α-gal  β-glu 
B. hyodysenteriae  strong  pos  (neg)  neg neg pos 
‘B. suanatina’ strong  pos neg neg pos 
B. intermedia weak  pos neg neg pos 
B. innocens  weak  neg neg pos pos 
B. murdochii  weak  neg neg neg pos 
‘B. canis’  weak  neg neg neg pos 
‘B. pulli’  weak  neg neg pos pos 
B. pilosicoli  weak  neg (pos)  pos (neg)  pos  neg (pos) 
B. alvinipulli  weak  neg pos neg pos  (neg) 
B. aalborgi  weak  neg neg neg neg 
‘B. ibaraki’  weak  neg NA NA NA 
‘B. christiani’  NA  NA NA NA NA 
‘B. corvi’  weak  neg neg pos  (neg)  neg  (pos) 
Abbreviations:  β-haem=  β-haemolysis; IS=indole spot test, Hipp=Hippurate cleavage 
capacity;  α-gal  α-galactosidase;  β-glu=β-glucosidase activity; pos=positive reaction; 
neg=negative reaction. NA=not available, less common reactions shown within parentheses. 
References: Trott et al., 1996c; Duhamel et al., 1998; Stanton et al., 1997; Stanton et al., 
1998; Fellström et al., 1995, 1999; Kraaz et al., 2000; Jensen et al., 2001; Tachibana et al., 
2003; Fossi et al., 2004; Johansson et al., 2004; Hampson and Duhamel, 2006; II; IV; V. 
3.2.3  PCR, RAPD and PFGE 
In this thesis ten different single or duplex PCRs were used targeting the 
tlyA gene of B. hyodysenteriae (paper I, II, IV), the 16S rRNA gene of B. 
pilosicoli (paper II, IV, V), the nox gene of B. hyodysenteriae (paper II), the 
nox gene of B.  intermedia (paper II,  IV), the 23S rRNA gene of B. 
hyodysenteriae (paper II, IV), and the 23S rRNA gene of B. intermedia (paper 
II, IV). 
Randomly amplified polymorphic DNA (RAPD) is a PCR-based 
molecular method that uses short non-specific primers to produce multiple 
random amplicons of various sizes that can be separated and visualized by 
electrophoresis on an agarose gel (Caetano-Anollés, 1993). No prior 
sequence information is needed, and the method is easy and inexpensive to 
perform. The most important disadvantage is that the results are not always 
reproducible between different runs. The results of the analysis can be 
visually compared or analyzed by a software package to generate a 
dendrogram that shows the degree of relatedness between investigated 
isolates. Both approaches were used in this thesis.   37
Pulsed field gel electrophoresis (PFGE) is often used for epidemiological 
studies in bacteriology. Bacterial DNA is digested by a rare cutting 
restriction enzyme in situ in agarose plugs, and the resulting large DNA 
fragments are separated on a gel by periodically switching the direction of 
the electrical field. PFGE was used in paper I to compare genetic relatedness 
among isolates from mallards with type, reference and field strains of 
Brachyspira s p p .  D a t a  w e r e  a n a l y z e d  by the GelCompar program,  and a 
dendrogram was calculated by the UPGMA method. 
3.2.4  Sequencing and phylogenetic analysis 
Sequencing of the 16S rRNA gene and phylogenetic analysis (etymology: 
Gr. phyle ‘tribe’ or ‘race’ and genetikos ‘relative to birth’) was performed in 
papers I, II, IV and V. Molecular phylogeny stems from the seminal work 
of Zuckerkandl and Pauling, who showed that the evolutionary history of 
an organism is preserved in the sequences of macromolecules (Zuckerkandl 
and Pauling, 1965). The translational system has been highly conserved 
throughout evolution, and small subunit ribosomal RNA (16S rRNA in 
bacteria) has been used as a universal phylogenetic marker since the late 
1970s (Woese et al., 1977; Fox et al., 1980; Ludwig and Klenk, 2001). One 
16S rRNA gene is present per genome in Brachyspira spp., but the gene 
organization differs from most other bacteria, i.e. an assembled ribosomal 
rRNA operon is not present in B. hyodysenteriae and B. pilosicoli (data not 
available from other Brachyspira spp.) (Zuerner et al., 2004). 
Sequencing starts with PCR amplification by using a set of primers that 
targets the gene of interest (almost complete 16S rRNA gene in papers I, II, 
IV and V, and nox gene in papers II and V, see below). The amplicons are 
subsequently processed by automated cycle sequencing. The DNA, specific 
forward and reverse sequencing primers targeting conserved segments, 
DNA polymerase, nucleotides and fluorescent labelled reaction terminators 
(dideoxynucleotides, didNTP) (Big Dye, Applied Biosystems, Foster City, 
California, USA) are mixed. The DNA strands are separated by heating, and 
when the temperature is lowered the primers and the DNA polymerase 
bind to the template and a complementary strand is synthesized. The 
reaction stops every time a didNTP is incorporated in the growing 
polynucleotide chain. The mix, which will consist of millions of fragments 
of different sizes, is analyzed by capillary electrophoresis (ABI Prism 3100 
genetic analyser, Applied Biosystems). The overlapping fragments are 
unified to a contig by software (Contig Express program included, Vector 
NTi Suite, InforMax, Bethesda, Md, USA). The frequent finding in papers 
IV and V of isolates containing several species or genotypes were visible as   38
double peaks in the electropherograms. The sequences were edited and 
aligned (GDE software, Smith, 1992), i.e. homologous nucleotides are 
arranged in columns. The alignment can be made by an alignment program 
or manually as in this thesis. For comparison, prealigned sequences can be 
obtained from the RDP database (Ribosomal Database Project, 2008). An 
evolutionary tree is constructed from the alignment by an algorithmic or 
tree-searching method. In this thesis, the distance matrix algorithmic 
method Neighbor Joining (Saitou and Nei, 1987) was used. The Kimura 2-
parameter model was used as an evolutionary model to correct for multiple 
substitutions and different rates for transitions and transversions (Kimura, 
1980). 
Compared to the 16S rRNA gene, the nox gene possesses more 
sequence variation. A major drawback is the insufficient number of 
sequences available in databases. Trees based on the nox gene depict the 
phylogeny of this particular gene, not necessarily the evolution of the 
organisms. 
The phylogenetic trees in papers I, II, IV and V are bifurcating and 
additive. Terminal nodes represent extant taxa i.e. the bacteria from which 
sequences were obtained, and internal nodes represent inferred ancestors. 
Branches between the nodes show the inferred evolutionary path. The 
added lengths of the branches between nodes show the calculated 
phylogenetic difference. The tree may be presented as an unrooted radial 
dendrogram (papers II and V), which gives information on the relationship 
between taxa, but not the evolutionary path, or as a rooted dendrogram 
(papers I, II, IV and V) which shows both. Trees should be considered as 
evolutionary hypotheses, i.e. they do not necessarily show the true historic 
evolutionary path. 
3.3  Experimental challenge 
In paper II, a previously described porcine SD infection model (Jacobsson et 
al., 2004) was used to evaluate the enteropathogenic potential of a pig and a 
mallard isolate of ‘B. suanatina’. In paper III, a modified chicken model was 
applied to mallard ducklings to investigate pathogenicity of B. hyodysenteriae 
and ‘B. suanatina’ of pig and mallard origin. The ducklings were housed in 
groups on litter in different rooms instead of in cages, and they had access to 
water baths and were allowed to acclimatize before challenge.   39
4  Results and Discussion 
Since the first modern report on intestinal spirochaete colonization in birds 
was published in 1986, research activities in Australia, the US, and Europe, 
have brought us basic understanding of the clinical, epidemiological and 
bacteriological aspects. However, there are still many things to be learnt 
about these bacteria. Among the main causes of the lack of information and 
limited interest among poultry practitioners have been the non-specific 
nature of the clinical signs, and perhaps most importantly, diagnostic 
difficulties. It is only during the last 10-15 years that attempts have been 
made to identify avian intestinal spirochaetes to species level. In this thesis, 
two basic problems were addressed: first, the occurrence and species 
distribution of these bacteria in commercial chickens and in selected free-
living wild bird species, and second, the diagnostics and classification of 
avian Brachyspira strains. 
4.1  Synopsis of results 
¾ Free-living wild and farmed mallards are regularly colonized by 
Brachyspira spp., including the swine dysentery agent B. hyodysenteriae, 
the proposed new species ‘B. suanatina’ and other strongly β-haemolytic 
and indole-positive strains that cannot presently be classified to species 
level (I, II). 
¾ B.  hyodysenteriae from mallards were very closely related to isolates 
previously described as the cause of severe necrotizing typhlocolitis in 
common rheas on farms in the United States (I). 
¾ Following experimental challenge of pigs with field isolates of the 
proposed new species ‘B. suanatina’ of pig and mallard origin, clinical 
disease indistinguishable from SD (isolate from a pig) or a milder 
diarrhoea (isolate from a mallard) were observed (II).   40
¾ Mallards were readily colonized after experimental challenge by strains of 
‘B. suanatina’ of both mallard and pig origin, and by B. hyodysenteriae of 
mallard origin (III). 
¾ No signs of clinical disease were noted in the challenged mallards, but 
focal intestinal changes coinciding with spirochaetal infiltration were 
observed on light and transmission electron microscopic levels in the 
caecal epithelium of the most heavily colonized birds (III). 
¾ After challenge of mallard ducklings with ‘B. suanatina’ by the cloacal 
route the birds were quickly colonized, which indicates that the cloacal 
infection route could be important under field conditions (III). 
¾ The pathogenic species B.  intermedia and B.  alvinipulli, but not B. 
pilosicoli, were detected in randomly selected Swedish commercial laying 
hens. Also, the presumed nonpathogenic species B. innocens, B. murdochii 
and ‘B. pulli’, as well as several isolates that could not be characterized to 
species level were found (IV). 
¾ Organic laying hens were at higher risk for being colonized by 
Brachyspira spp. than hens in enriched cages or indoor litter-based 
housing systems (IV). 
¾ No association with gastrointestinal disease or production losses were 
found in the colonized laying hen flocks (IV). 
¾ Simultaneous colonization of more than one species and/or genetic 
variant of Brachyspira spp. were commonly found in laying hen flocks 
(IV). 
¾ Results of phenotypic tests were reproducible and similar to previously 
reported results when applied to pure strains (IV). 
¾ A new spirochaete species ‘B. corvi’ was characterized and provisionally 
described (V). 
¾ The hexa-T segment of the 16S rRNA gene equivalent to positions 
176-181 in the type strain of B. pilosicoli can no longer be considered as 
species-specific for B. pilosicoli since it was identified in all investigated 
isolates of ‘B. corvi’ (V). 
4.2  Host range 
To date all validated and proposed Brachyspira spp. except B. aalborgi, ‘B. 
canis’, ‘B. christiani’ and ‘B. ibaraki’ have been isolated from at least one bird 
species. In this thesis, important new information on the host range of 
genus Brachyspira was gained. It was the first time a natural avian reservoir 
was found for the SD agent B. hyodysenteriae (I). Previously, the only non-
domesticated animal species that have been shown to harbour B.   41
hyodysenteriae were rodents on pig-farms (Joens and Kinion, 1982; Hampson 
et  al., 1991; Duhamel et  al, 2001), and feral pigs (Phillips et  al., 2008). 
Among birds, common rheas kept on commercial farms or in zoologic 
exhibits were the only known hosts before our finding in mallards (Jensen et 
al., 1996). Available data indicate that a strain of B. hyodysenteriae from a 
mallard failed to colonize pigs by experimental challenge (I). If these 
preliminary results are confirmed, the strains from mallards could be used 
for comparative studies to identify putative pathogenicity determinants in 
porcine strains of B. hyodysenteriae from complete genome sequence data. 
Further findings on host range of this thesis include the proposed novel 
species ‘B. suanatina’, the first avian strain shown to cause diarrhoea in pigs. 
This proposed novel species was identified from both pigs and free-living 
wild mallards (paper I-II). In paper V, the intestinal spirochaete proposed as 
‘B. corvi’ was isolated from corvid birds. We also showed that a previously 
described canine isolate was most closely related to ‘B. pulli’, which had 
previously only been isolated from chickens (IV). Differences in host range 
of Brachyspira spp. in mammals and birds and between bird species could be 
caused by anatomic, physiologic, dietary or other unknown factors. 
Notably, the core body temperatures of many birds are above those of 
mammals (Dawson and Whittow, 2000). Reported core body temperatures 
of chickens and domestic ducks are 41.5°C and 42.1°C, respectively 
(Dawson and Whittow, 2000), and the mean body temperatures obtained 
from jackdaws and hooded crows were 42.4°C (Jansson DS, unpublished 
results). Further, caecal anatomy and physiology vary between avian species. 
The known host distribution of Brachyspira spp. among birds is presently 
limited to a few orders, namely ratites, gallinaceous, anseriform, and single 
genera among phoenicopteriform and passerine birds (section 1.4.2, Table 
5). This may be compared to what is known abut the evolution of birds. 
Based on palaeontological records, morphology and phylogenetic analyses, 
there is robust evidence for a basal split between palaeognathous birds 
(ratites and allies) and neognathous birds (all other birds), as well as for a 
split between galliform/anseriform birds (chickens, duck and allies) and all 
other neognathous birds (i.e. Neoaves) (Ericson et al., 2006; Hackett et al., 
2008). The estimated timing of these events varies widely between studies. 
In a recent study, the neoavian branch, which is represented by the majority 
of extant species including all passerine birds, was shown to have undergone 
an explosive radiation at or soon after the Cretaceous-Tertiary (K/T) 
boundary 65 Mya (Ericson et al., 2006). Corvid birds are a monophyletic 
group among the passerines of much more recent (mid or late Tertiary, 23 
Mya or later) Southern Hemisphere origin (Feduccia, 1995; Ekman and   42
Ericson, 2006). These results first of all suggest that it should come as no 
surprise that Brachyspira spp. from corvid birds are phylogenetically distant 
to those of ratites, gallinaceous and anseriform birds. Secondly, one could 
speculate that Brachyspira spp. are likely colonizers of additional bird orders, 
having been detected in the most basal avian orders and the much more 
recent corvids. 
4.3  Biodiversity among avian Brachyspira spp. 
The biodiversity of naturally occurring bacterial populations can be studied 
to gain a better understanding of prokaryotic biology and evolution 
(Sikorski et al., 2008). From such studies, hypotheses on historical events 
and the emergence of morphological structures, bacterial physiology and 
ecology may be put forward. Studies on biodiversity are also central to 
taxonomy. Bacteria are haploid organisms with clonal reproduction. 
Genetic variation stems from mutation and recombination, which produce 
intrataxon diversity and sometimes cladogenesis, i.e. the formation of new 
taxa, such as species. Characterization of Brachyspira spp. from birds in this 
thesis and by others has shown that these bacteria are in most cases 
genetically closely related to mammalian strains, although possessing a 
significantly higher degree of phenotypic and genomic diversity than in 
their mammalian counterparts. Several Brachyspira species seem to be able to 
cross species barriers between mammals, and between mammals and birds as 
shown by experimental challenge trials (Hampson et al., 2006c; Trott et al., 
1996b; II; III; and Table 6). This higher level of spirochaete diversity in 
birds suggests that birds may be original reservoirs of ancestral Brachyspira 
spp. From ecological, evolutionary and veterinary medical perspectives, 
Brachyspira spp. in avian hosts seem to be excellent model microorganisms 
for future studies on microbial biodiversity. We have only just begun to 
reveal the biodiversity of this interesting bacterial group. 
In several recently published studies on Brachyspira spp. from chickens 
(Stephens et al., 2005; Phillips et al., 2005; Bano et al., 2008; Feberwee et al., 
2008), it was shown that some flocks may be colonized by more than one 
Brachyspira spp. simultaneously. This was confirmed in paper IV, and it was 
also shown that the occurrence of multiple species and even genotypes of 
the same species in the same flock has probably been significantly 
underestimated in the past. This is a most interesting result in view of the 
finding of prophage-like GTAs detected in B. hyodysenteriae, (VSH-1) and 
other Brachyspira spp. (Stanton et al., 2003; Stanton, 2007). GTAs are the 
suggested causes of the recombinant genome structure detected by MEE in   43
B. hyodysenteriae and B. pilosicoli (Trott et al., 1997; Zuerner et al., 2004; 
Hampson et al., 2006c). Speculatively, it could be responsible for random 
recombination events between strains of the same or possibly even between 
different  Brachyspira spp. when present simultaneously in the same 
environment, such as in the avian intestine. 
4.4  Diagnostic difficulties 
The results of this thesis emphasize the previously reported diagnostic 
difficulties within genus Brachyspira (Råsbäck et al., 2006). Paper IV clearly 
showed the difficulties in obtaining pure isolates for molecular 
characterization and the substantial problems in differentiating pathogenic 
from presumed non-pathogenic species. In papers I and IV some of the 
strains could not be identified to species level. 
Phenotypic data have long been used for presumptive species 
determination of isolates of porcine origin (Fellström and Gunnarsson, 
1995; Hommez et  al., 1998; Fellström et  al., 1999). Phenotypic and 
molecular tests used in conjunction can reliably differentiate most porcine 
isolates to species level. However, examples of porcine isolates with 
aberrant/atypical phenotypes are accumulating in literature (Hommez et al., 
1998; Fellström et  al., 1999, Thomson et  al., 2001; Fossi et  al., 2004). 
Biochemical data on avian Brachyspira spp. have, however, not been 
extensively published, or fully evaluated. Indeed, several authors have 
expressed doubts about the usefulness of phenotypic tests for avian 
Brachyspira spp. (Stephens et al, 2005; Townsend et al., 2005; Feberwee et 
al., 2008). It seems reasonable to assume that these previous reported 
inconsistencies are, at least partly, the results of analysis of impure isolates. 
Our results in paper IV (Tables 5-6) showed that biochemical tests as 
applied to isolates from chickens were consistent only when applied to pure 
isolates. Compared to Brachyspira spp. in pigs, the situation in chickens is 
more complicated. Pathogenic as well as presumed non-pathogenic avian 
Brachyspira spp. are (with rare exceptions, McLaren et  al., 1996, 1997; 
Feberwee  et  al., 2008) weakly β-haemolytic and cannot be reliably 
differentiated and separated on agar plates, and birds host a larger number of 
different Brachyspira species than pigs. Further studies are clearly needed to 
evaluate the use of phenotypic tests for Brachyspira spp. isolated from 
chickens and other birds. Results of paper IV suggest that phenotypic tests 
can be useful as tools for screening and selection. 
PCR has been applied in previous studies on primary cultures and faeces 
to detect various Brachyspira spp. in birds, but it has important limitations   44
because all species present in birds cannot be identified, and several studies 
indicate lack of sensitivity and/or specificity when applied to avian strains 
(Ateyo  et  al., 1999; Suriyaarachchi et  al., 2000). Most PCRs have been 
designed to identify porcine or human Brachyspira strains. The lack of 
sensitivity was confirmed in paper IV, where the three applied B. intermedia 
specific PCRs based on 23S rRNA and nox genes produced different 
results, and two of the PCRs failed to detect most strains. The most 
promising PCR for detection of B. intermedia from chickens was the most 
recently developed, that had been specifically designed to identify chicken 
isolates (Phillips et  al., 2005). However, it was necessary to use another 
forward primer than presented in the original paper. This modification has 
also been suggested in another paper (Bano et al., 2008). Furthermore, there 
is no PCR available for B. alvinipulli. Until very recently, this species had 
only been reported from a laying hen flock in the USA (Stanton et al., 
1998). Recent results from Sweden, the Netherlands and the UK 
(Feberwee  et  al., 2007, Jansson et  al., 2007a; Thomson et  al., 2007; 
Feberwee et al., 2008; IV) indicate that the occurrence of this species has 
been underestimated among chickens, and possibly also among other avian 
species (Jansson et  al., 2007b). Presently, the only way to screen for B. 
alvinipulli, is by use of biochemical tests (Table 6 and paper IV), and 
molecular analyses such as MEE or sequencing of the 16S rRNA gene or 
nox gene is required for identification. Clearly, more work needs to be 
invested for reliable routine diagnostics of potentially pathogenic species. 
In 1995 a signature sequence in the 16S rRNA gene of B. pilosicoli was 
reported (Park et al., 1995). This specific hexa-T segment has so far been 
shown to be present in every sequenced strain of B. pilosicoli, and several 
species-specific PCRs have been designed to target this particular segment 
(Park et al., 1995; Fellström et al., 1997; Råsbäck et al., 2006). Interestingly, 
in paper V, it was shown that ‘B. corvi’ also possesses this hexa-T segment, 
and consequently, PCRs previously regarded as specific for B.  pilosicoli 
should give a false positive result. This hypothesis was confirmed by paper 
V. In view of these results, it is advisable to base the diagnosis of B. pilosicoli 
not on a positive PCR reaction alone, but also on phenotypic traits, such as 
the strong hippurate reaction that is characteristic for most strains of B. 
pilosicoli, but not for ‘B. corvi’. 
Another advantage of applying traditional labour-intensive and time-
consuming traditional laboratory methods i.e. selective culture, subculture 
to purity and biochemical tests, together with molecular tests is that new 
species and genotypes may be identified. Paper II illustrates what could 
happen if PCR had been used exclusively for confirmation of B.   45
hyodysenteriae from the diarrhoeic pigs. In this case the PCR based on the 
tlyA gene of B. hyodysenteriae failed to confirm the suspicion of SD. Without 
selective culture and further characterization, these pathogenic isolates 
would not have been identified and could have been further spread among 
pig herds. 
4.5  Molecular phylogeny 
Throughout this thesis, phylogenetic analysis based on the 16S rRNA gene 
was used for species identification (papers I, II, IV and V). Phylogeny based 
on this gene provides the backbone for elucidating the natural relationships 
between prokaryotic taxa, and it has played a pivotal role for spirochaetal 
systematics (Paster et  al., 1991; Paster and Dewhirst, 2000). The 
phylogenetic results in this thesis agree with earlier studies on avian strains 
(Swayne et al., 1995; Jensen et al., 1996; Stanton et al., 1996; Phillips and 
Hampson, 2005; Townsend et al., 2005; Nemes et al., 2006; Feberwee et al., 
2008). By phylogenetic analysis, avian Brachyspira spp. can be divided in 
four main clusters: 1) B.  hyodysenteriae/B.  intermedia/’B. suanatina’,  2) B. 
innocens/B. murdochii, 3) B. alvinipulli, and  4) B. pilosicoli. The proposed 
species ‘B. pulli’ forms a sister lineage to either B. alvinipulli or B. 
innocens/B. murdochii. Because of the mosaic pattern of highly conserved and 
moderately to highly varying sequence motives of the 16S rRNA gene 
there is not always enough sequence information within this gene to 
reliably differentiate strains on the subspecies level. The phylogenetic depths 
within the Brachyspira spp. cluster are shallow, and some species can 
therefore not be differentiated, i.e. B. hyodysenteriae and B. intermedia and B. 
innocens and B. murdochii (I, IV). This is particularly disconcerting in case of 
the  B.  hyodysenteriae/B.  intermedia cluster because of the problems of 
sensitivity and specificity of PCRs discussed previously (section 4.2). The 
results of paper I and IV seem to indicate that there is a range of closely 
related strains within the B. hyodysenteriae/’B. suanatina’/B. intermedia cluster. 
Some strains of B. intermedia from chickens (AN3370/03 (IV), HB60 and 
MMM-06 from Australia, and 1380 from the Netherlands) were very 
closely related to avian strains from Swedish mallards and common rheas in 
the United States and porcine strains of B. hyodysenteriae over a segment of 
1220 nucleotides (IV). Further, two Swedish chicken strains of unknown 
taxonomic status were closely related to ‘B. suanatina’ (IV). Also, a number 
of strongly haemolytic mallard strains within this cluster could not be 
identified to species level (I). These results raise important questions on the 
accuracy of the current taxonomic classification of genus Brachyspira and   46
further sequencing of other genes and/or DNA-DNA reassociation assays 
are required. Further, the type strains of B. innocens (B256
T) and B. murdochii 
(56-150
T) of porcine origin do not seem to be as closely related to avian 
isolates of these species as to other porcine isolates, which is interesting in 
view of the failure to colonize chickens experimentally by B. innocens and B. 
murdochii of porcine and canine origin (section 1.5, Table 7). 
The classification of the spirochaetal isolates from corvid birds in genus 
Brachyspira (‘B. corvi’, V) is provisional and requires further studies. Based on 
the deep branching and calculated genetic distances within phylum 
Spirochaetes it presently seems very unlikely that the isolates should be 
affiliated to any other recognized spirochaetal genus than Brachyspira. 
Further phylogenetic analysis with comparisons of signature sequences and 
genus specific segments within the 16S rRNA gene, and comparisons of 
sequences from additional genes will resolve this question. However, it 
cannot be excluded that the isolates should be classified into a new genus. 
4.6  Disease association in chickens 
The etiological association of some Brachyspira spp. with intestinal 
disturbances and production losses in chickens has been repeatedly suggested 
since the late 1980s, and experimental challenge studies have confirmed an 
association with disease and production losses. However, in paper IV, no 
association was found between colonization and reduced egg production, 
faecal staining of eggshells, increased mortality or wet litter. Failure to 
identify a disease association is however not unique to paper IV. Effects of 
Brachyspira spp. colonization on clinical parameters have varied between 
studies, and have sometimes failed to reach significance (McLaren et al., 
1996; Jamshidi and Hampson, 2002; Phillips et al., 2004a, 2004b; Bano et 
al., 2008). There are many possible confounding factors such as clinical 
inclusion criteria vs. randomization, short duration of experimental trials, 
variable or unknown enteropathogenicity of isolates used for challenge and 
in the field, and diagnostic difficulties. Further, a multifactorial pathogenesis 
with host factors and environment interacting with intestinal spirochaetes as 
previously shown in SD, cannot be excluded in chickens (Jacobsson, 2004; 
Hampson  et  al., 2006c). In paper IV, the failure to identify a disease 
association may be related to the fact that the flocks were randomly selected 
within the study population without regard to flock health or production 
levels. Therefore, relatively few flocks were experiencing intestinal 
disturbances and/or production losses at the time of sampling. Several other 
studies that reported or suggested a disease association have specifically   47
targeted flocks with signs of intestinal disease or other health problems 
and/or production losses, (Dwars et  al., 1998; Stephens and Hampson, 
1999; Feberwee et al., 2008). Potentially pathogenic strains were relatively 
rarely found in paper IV compared to these other studies. Another possible 
confounding factor could have been the ongoing change in housing systems 
during the sampling period. Many of the flocks were housed in new barns 
or in old barns which had recently been emptied of birds while new 
equipment and furniture were being installed. The surprisingly short 
survival times reported for of avian strains of B. intermedia and B. pilosicoli in 
chicken faeces (Phillips et  al., 2003) decreases the likelihood of bacteria 
surviving in poultry barns if cleaning, disinfection and down time are 
applied between consecutive flocks. There could also be differences in 
biosecurity routines and/or climate that might have contributed to our 
findings. Additionally, detailed data on health and egg production for the 
duration of the production period of the sampled flocks were not available 
from all farmers. Therefore, only health status and percent egg production 
on the day of sampling were included in the analysis. 
4.7  Novel bacterial species 
In papers II and V novel Brachyspira spp. were officially proposed. ‘B. 
suanatina‘ (II) was shown to be closely related to B. hyodysenteriae. Most 
interestingly, the 16S rRNA and nox gene sequences of these strains were 
identical or very similar to the corresponding sequences of two strains from 
mallards that we had failed to identify to species level in paper I. The 
isolates from mallards were shown to cause diarrhoea in challenged pigs. 
The close genetic and epidemiological relationship of the strains from pigs 
and mallards has been confirmed by MLST (Råsbäck et  al., 2007). The 
other proposed new species was ‘B. corvi’ in paper V. This species seems to 
colonize not only the large intestine but also the jejunum and ileum of its 
host species, which is an unusual feature among Brachyspira spp. that awaits 
further confirmation. Although the gross and histologic results failed to 
associate colonization with intestinal lesions, this proposed species is of 
evolutionary interest because it forms a basally divergent phylogenetic 
branch within genus Brachyspira. 
Classification and naming of bacteria are practical necessities for 
diagnostic purposes and research. The first modern standard for 
identification and classification of bacteria, Bergey’s Manual of 
Determinative Bacteriology, was published in 1923. Before the era of 
molecular genetics, the classification of prokaryotes relied on phenotypic   48
traits, such as cell morphology, staining characteristics, growth pattern on 
agar plates, serology, phage typing, biochemical tests, and pathogenicity. 
Classification based solely on phenotypic traits does not always reflect the 
true evolutionary relationships and easily becomes incomplete and distorted 
since its resolving power is insufficient. There are few distinguishing gross 
characters among bacteria that can be used for classification, and fossils that 
can provide information on evolution and natural kinship are rare. 
The current systematic classification of bacterial taxa is a matter of 
general agreement among scientists and is based on a phylophenetic species 
concept. A collection of bacterial strains that possess a high degree of overall 
phenotypic and genomic similarity in combination with diagnostic 
characters by which they can be distinguished from other strains, are 
grouped together as a species (Roselló-Mora and Amann, 2001). The list of 
species and their taxonomy is continuously revised and improved when 
new results are being duly published. For validation of a bacterial species, 
phenotypic data, monophyletic genealogy, information on intraspecies 
variation, and genomic species delineation are necessary components 
(Wayne et al., 1987; Rosselló-Mora and Amann, 2001). The final step after 
publication is the recognition by inclusion of the new species in the 
Notification list or Validation list that are regularly published by the 
International Journal of Systematic and Evolutionary Microbiology. The 
two proposed novel species in this thesis therefore need further exhaustive 
characterization.   49
5  Concluding remarks and future 
perspectives 
Despite substantial advances in recent years, spirochaetes in general remain a 
poorly understood group of bacteria. More specifically, there is a long list of 
obvious problems to investigate relating to Brachyspira spp., such as 
virulence mechanisms and the epidemiology. For veterinarians dealing with 
everyday clinical problems, treatment strategies and prophylactic measures 
need to be improved. Among other important topics to clarify are the 
possible association between B.  pilosicoli (and possibly other spirochaetes) 
and human colitis. A cause and effect may however, be very difficult to 
demonstrate in humans, and isolation of spirochaetes in association with 
intestinal disease may simply reflect spirochaetal overgrowth or even 
increased dislodging of spirochaetes in diarrhoeic patients. There are also 
questions concerning the pathogenicity of intestinal spirochaetes in other 
mammalian and avian species. The zoonotic potential of B. pilosicoli needs to 
be confirmed or refuted. Reliable diagnostic methods for detection of 
potentially pathogenic Brachyspira spp. in birds are needed. Final 
confirmation of novel species should be of high priority. 
Phylogenetic research is highly dynamic and constantly produces new 
results that lead to identification of new species, and emendations, 
reclassifications or unifications of known bacterial taxa. One might expect 
that significant new findings within phylum Spirochaetes, including genus 
Brachyspira, will be introduced within the next decade, especially when 
multigene phylogenetic analysis will become more feasible. Another field of 
priority is to give public access to sequence data from ongoing and future 
Brachyspira spp. complete genome projects. Such data will most likely 
contribute substantially to the knowledge of these fascinating bacteria.   50
   51
References 
Adachi, Y., Sueyoshi, M., Miyagawa, E., Minato, H. & Shoya, S. (1985). Experimental 
infection of young broiler chicks with Treponema hyodysenteriae. Microbiol Immunol 29, 
683-688. 
Al-Nasser, E., Al-Khalaifa, H., Al-Saffar, A., Khalil, F., Al-Bahouh, M., Ragheb, G., Al-
Haddad, A. & Mashaly, M. (2007). Overview of chicken taxonomy and domestication. 
World’s Poult Sci J 63, 285-293. 
Atyeo, R. F., Stanton, T. B., Jensen, N. S., Suriyaarachichi, D. S. & Hampson, D. J. (1999). 
Differentiation of Serpulina species by NADH oxidase gene (nox) sequence comparisons 
and nox-based polymerase chain reaction tests. Vet Microbiol 67, 47-60. 
Bano, L., Merialdi, G., Bonilauri, P., Dall’Anese, G., Capello, K., Comin, D., Cattoli, G., 
Sanguinetti, V., Hampson, D. J. & Agnoletti, F. (2008). Prevalence, disease associations 
and risk factors for colonization with intestinal spirochaetes (Brachyspira spp.) in flocks of 
laying hens in north-eastern Italy. Avian Pathol 37, 281-286. 
Boerlin, P. (1997). Applications of multilocus enzyme electrophoresis in medical 
microbiology. J Microbiol Methods 28, 221-231. 
Boye, M., Baloda, S. B., Leser, T. D. & Møller, K. (2001). Survival of Brachyspira 
hyodysenteriae and B. pilosicoli in terrestrial microcosm. Vet Microbiol 81, 33-40. 
Brooke, C. J., Riley, T. V. & Hampson, D. J. (2006). Comparison of prevalence and risk 
factors for faecal carriage of the intestinal spirochaetes Brachyspira aalborgi and Brachyspira 
pilosicoli in four Australian populations. Epidemiol Infect 134, 627-634. 
Brown, J. R., Douady, C. J., Italia, M. J., Marshall, W. E. & Stanhope, M. J. (2001). 
Universal trees based on large combined protein sequence data sets. Nat Genet 28, 281-
285. 
Buckles, E. L. (1996). Inoculation of neonatal common rheas (Rhea americana) and mallard 
ducklings (Anas platyrhynchos) with three bacterial species associated with necrotizing 
typhlitis. In Studies in intestinal spirochetes of juvenile common rheas (Rhea americana). 
MS Thesis, Ohio State University, Columbus, OH, USA. pp. 43-66. 
Buckles, E. L., Eaton, K. A. & Swayne, D. E. (1997). Cases of spirochete-associated 
necrotizing typhlitis in captive common rheas (Rhea americana). Avian Dis 41, 144-148.   52
Burch, D. G. S., Harding, C., Alvarez, R. & Valks, M. (2006). Treatment of a field case of 
intestinal spirochaetosis caused by Brachyspira pilosicoli with tiamulin. Avian Pathol 35, 211-
216. 
Caetano-Anollés, G. (1993). Amplifying DNA with arbitrary oligonucleotide primers. PCR 
Methods Appl 3, 85-94. 
Canale-Parola, E. (1977). Physiology and evolution of spirochetes. Bacteriol Rev 41, 181-204. 
Charon, N. W. & Goldstein, S. F. (2002). Genetics of motility and chemotaxis of a 
fascinating group of bacteria: The spirochetes. Annu Rev Genet 36, 47-73. 
Charon, N. W., Goldstein, S. F., Marko, M., Hsieh, C., Gebhardt, L. L., Motaleb, M. A., 
Wolgemuth, C. W., Limberger, R. J. & Rowe, N. (2009). The flat ribbon configuration 
of the periplasmic flagella of Borrelia burgdorferi and its relationship to motility and 
morphology. J Bacteriol 191, 600-607. 
Corona-Barrera, E., Munguia, J., Rivera, K., Juménez, F., Fajardo, R., Pradal-Roa, P., & 
Thomson, J. (2007). Isolation of intestinal spirochaetes from pig, avian and dog in 
México. Abstract #38. In Proceedings of the Fourth International Conference on 
Colonic Spirochaetal Infections in Animals and Humans, May 20-22, Prague, Czech 
Republic. 
Council Directive 1999/74/EC of 19 July 1999 laying down minimum standards for the 
protection of laying hens (1999-07-19) Available from: 
http://ec.europa.eu/food/fs/aw/aw_legislation/hens/1999-74-ec_en.pdf [2009-01-07] 
Daubin, V., Gouy, M. & Perrière, G. (2002). A phylogenetic approach to bacterial 
phylogeny: Evidence of a core of genes sharing a common history. Genome Res 12, 1080-
1090. 
Davelaar, F. G., Smit, H. F., Hovind-Hougen, K., Dwars, R. M. & van der Valak, C. 
(1986). Infectious typhlitis in chickens caused by spirochaetes. Avian Pathol 15, 247-258. 
Dawson, W. R. & Whittow, G. C. (2000). Ch. 14 Regulation of body temperature. In 
Sturkie’s Avian Physiology, Fifth ed. Whittow, G. C. Ed. Academic Press, San Diego, CA, 
USA. pp. 344-390. 
De Ciccio, A., McLaughlin, R. & Chan, E. C. (1999). Factors affecting the formation of 
spherical bodies in the spirochete Treponema denticola. Oral Microbiol Immunol 14, 384-386. 
Dröge, S., Fröhlich, J., Radek, R. & König, H. (2006). Spirochaeta coccoides sp. nov., a novel 
coccoid spirochete from the hindgut of the termite Neotermes castaneus. Appl Environ 
Microbiol 72, 392-397. 
Dobell, C. (1932). Antony van Leeuwenhoek and his “little animals”. Harcourt Brace & Co, 
New York. pp. 217-255. 
Duhamel, G. E., Elder, R. O., Muniappa, N., Mathiesen, M. R., Wong, V. J. & Tarara, R. 
P. (1997). Colonic spirochetal infections in non-human primates that were associated 
with Brachyspira aalborgi, Serpulina pilosicoli, and unclassified flagellated bacteria. Clin Infect 
Dis 25, S186-188. 
Duhamel, G. E., Trott, D. J., Muniappa, N., Mathiesen, M. R., Tarasiuk, K., Lee, J. I. & 
Hampson, D. J. (1998). Canine intestinal spirochetes consist of Serpulina pilosicoli and a 
newly identified group provisionally designated “Serpulina canis” sp. nov. J Clin Microbiol 
36, 2264-2270.   53
Duhamel, G. E. (2001). Comparative pathology and pathogenesis of naturally acquired and 
experimentally induced colonic spirochetosis. Anim Health Res Rev 2, 3-17. 
Dwars, R. M., Smit, H. F., Davelaar, F. G. & van ’ter Veer, W. (1989). Incidence of 
spirochaetal infections in cases of intestinal disorder in chickens. Avian Pathol 18, 591-
595. 
Dwars, R. M., Smit, H. F. & Davelaar, F. G. (1990). Observations on avian intestinal 
spirochaetosis. Vet Q 12, 51-55. 
Dwars, R. M., Smit, H. F. & Davelaar, F. G. (1991). Influence of infection with avian 
intestinal spirochaetes on the faeces of laying hens. Avian Pathol 21, 513-515. 
Dwars, R. M., Davelaar, F. G. & Smit, H. F. (1992). Spirochaetosis in broilers. Avian Pathol 
21, 261-273. 
Dwars, R. M., Davelaar, F. G. & Smit, H. F. (1993). Infection of broiler parent hens (Gallus 
domesticus) with avian intestinal spirochaetes; effects on egg production and chick quality. 
Avian Pathol 22, 693-701. 
Ehrenberg, C. G. (1835). Dritter Beitrag zür Erkenntniss grosser Organisation in der 
Richtung des kleinsten Raumes, Abhandlungen der Preussischen Akademie der 
Wissenschaftern (Berlin) aus dem Jahre 1833-1835. pp. 143-336. 
Ekman, J. & Ericson, P. G. P. (2006). Out of Gondwanaland: the evolutionary history of 
cooperative breeding and social behaviour among crows, magpies, jays and allies. Proc R 
Soc B 273, 1117-1125. 
Ericson, P. G. P., Anderson, C. L., Britton, T., Elzanowski, A., Johansson, U. S., Källersjö, 
M., Ohlson, J. I., Parsons, T. J., Zuccon, D. & Mayr, G. (2006). Diversification of 
Neoaves: integration of molecular sequence data and fossils. Biol Lett 2, 543-547. 
Eriksson, J., Larsson, G., Gunnarsson, U., Bed’hom, B., Tixier-Boichard, M., Strömstedt, 
L., Wright, D., Jungerius, A., Vereijken, A., Randi, E., Jensen, P. & Andersson, L. 
Identification of the yellow skin gene reveals a hybrid origin of the domestic chicken. 
PLoS Genet 4, 1-8. 
EuroEgg and Business AB. Eurobusiness eggsweden. [online] (2006-05-10) Available from: 
http://eurobusiness.se/egg/prodhonsdia-egg.htm [2008-12-08] 
Euzéby, Y. J. P. (2008). List of Bacterial Names with Standing in Nomenclature: a folder 
available on the Internet. [online] (2008-12-06) Available from: 
http://www.bacterio.net. [2009-01-06] 
Fantham, H. B. (1910). Observations on the parasitic protozoa of the red grouse (Lagopus 
scoticus), with a note on the grouse fly. Proc Zoological Soc London, 692-708. 
Feberwee, A., Hampson, D. J., Phillips, N. D., La, T., van der Heijden, H. M. J. F., 
Wellenberg, G. J. & Landman, W. J. M. (2007). Survey of Brachyspira spp. in Dutch 
poultry and the isolation of a Brachyspira hyodysenteriae-like spirochaete. Abstract #36. In 
Proceedings of the Fourth International Conference on Colonic Spirochaetal Infections 
in Animals and Humans, May 20-22, Prague, Czech Republic. 
Feberwee, A., Hampson, D. J., Phillips, N. D., La, T., van der Heijden, H. M. J. F., 
Wellenberg, G. J., Dwars, R. M. & Landman, W. J. (2008). Identification of Brachyspira 
hyodysenteriae and other pathogenic Brachyspira species in chickens from laying flocks with 
diarrhea or reduced egg production or both. J Clin Microbiol 46, 593-600. 
Feduccia, A. (1995). Explosive evolution in Tertiary birds. Science 267, 637-638.   54
Fellström, C. & Gunnarsson, A. (1995). Phenotypical characterization of intestinal 
spirochaetes isolated from pigs. Res Vet Sci 59, 1-4. 
Fellström, C., Pettersson, B., Thomson, J, Gunnarsson, A., Persson, M. & Johansson, K-E. 
(1997). Identification of Serpulina species associated with porcine colitis by biochemical 
analysis and PCR. J Clin Microbiol 35, 462-467. 
Fellström, C., Karlsson, M., Pettersson, B., Zimmerman, U., Gunnarsson, A. & Aspan, A. 
(1999). Emended descriptions of indole negative and indole positive isolates of Brachyspira 
(Serpulina) hyodysenteriae. Vet Microbiol 70, 225-238. 
Fellström, C., Zimmerman, U., Aspan, A. & Gunnarsson, A. (2001). The use of culture, 
pooled samples and PCR for identification of herds infected with Brachyspira 
hyodysenteriae. Anim Health Res Rev 2, 37-43. 
Fransson, T. & Hall-Karlsson, S. (2008). Svensk Ringmärkningsatlas. (Swedish Bird Ringing 
Atlas) Vol 3. Naturhistoriska Riksmuseet & Sveriges Ornitologiska Förening, Stockholm. 
pp. 189-200. 
Fossi, M., Pohjanvirta, T., Sukura, A., Heinikainen, S., Lindecrona, R. & Pelkonen, S. 
(2004). Molecular and ultrastructural characterization of porcine hippurate-negative 
Brachyspira pilosicoli. J Clin Microbiol 42, 3153-3158. 
Fox, G. E., Stackebrandt, E., Hespell, R. B., Gibson, J., Maniloff, J., Dyer, T. A., Wolfe, R. 
S., Balch, W.E., Tanner, R., Magrum, L., Zablen, L. B., Blakemore, R., Gupta, R., 
Bonen, L., Lewis, B. J., Stahl, D. A., Luehrsen, K. R., Chen, K. N. & Woese, C. R. 
(1980). The phylogeny of prokaryotes. Science 209, 457-463. 
Gad, A., Willén, R., Furugård, K., Fors, B. & Hradsky, M. (1977). Intestinal spirochaetosis 
as a cause of longstanding diarrhoea. Ups J Med Sci 82, 49-54. 
Garrity, G. M., Bell, J. A. & Lilburn, T. G. (2004). Bergey´s Manual of Systematic 
Bacteriology. Taxonomic outline of the prokaryotes. Second edition, release 5.0 [online] 
(2004-05). Bergey´s Manual Trust. Available from: 
http://141.150.157.80/bergeysoutline/main.htm [2009-01-09]. 
GOLD: Genomes OnLine Database v 2.0 [online] (2008-10-29). Available from: 
http://www.genomesonline.org [2009-01-07] 
Griffiths, E. & Gupta, R. S. (2004). Signature sequences in diverse proteins provide evidence 
for the late divergence of the Order Aquificales. Int Microbiol 7, 41-52. 
Griffiths, I. B., Hunt, B. W., Lister, S. A. & Lamont, M. H. (1987). Retarded growth rate 
and delayed onset of egg production associated with spirochaete infection in pullets. Vet 
Rec 121, 35-37. 
Hackett, S. J., Kimball, R. T., Reddy, S., Bowie, R. C. K., Braun, E. L., Braun, M. J., 
Chojnowski, J. L., Cox, W. A., Han, K-L., Harshman, J., Huddleston, C. J., Marks, B. 
D., Miglia, K. J., Moore, W. S., Sheldon, F. H., Steadman, D. W., Witt, C. C. & Yuri, 
T. (2008). A phylogenomic study of birds reveals their evolutionary history. Science 320, 
1763-1768. 
Hampson, D. J. & Duhamel, G. E. (2006). Ch. 46. Porcine colonic spirochaetosis/Intestinal 
spirochaetosis. In Diseases of swine 9
th ed, Straw, B. E., Zimmerman, J. J., D’Allaire, S & 
Taylor, D. Blackwell Publishing Ames, Iowa, USA. pp. 755-767.   55
Hampson, D. J. & La, T. (2006). Reclassification of Serpulina intermedia and Serpulina 
murdochii in the genus Brachyspira as Brachyspira intermedia comb. nov. and Brachyspira 
murdochii comb. nov. Int J Syst Evol Microbiol 56, 1009-1012. 
Hampson, D. J. & McLaren, A. J. (1997). Prevalence, genetic relationships and pathogenicity 
of intestinal spirochaetes infecting Australian poultry. In Proceedings of the Australian 
Poultry Science Symposium, 9, 108-112. 
Hampson, D. J. & McLaren, A. J. (1999). Experimental infection of laying hens with 
Serpulina intermedia causes reduced egg production and increased faecal water content. 
Avian Pathol 28, 113-117. 
Hampson, D. J. & Swayne, D. E. (2008). Avian intestinal spirochetosis. In Diseases of 
poultry 12
th ed. Saif, Y. M., Fadly, A. M., Glisson, J. R., McDougald, L. R., Nolan, L. 
K. & Swayne, D. E. Blackwell Publishing, Ames, Iowa, USA. pp. 922-940. 
Hampson, D. J., Combs, B. G., Harders, S. J., Connaughton, I. D. & Fahy, V. A. (1991). 
Isolation of Treponema hyodysenteriae from wild rat living on a piggery. Austr Vet J 68, 308. 
Hampson, D. J., Phillips, N. D. & Pluske, J. R. (2002). Dietary enzyme and zinc bacitracin 
reduce colonization of layer hens by the intestinal spirochaete Brachyspira intermedia. Vet 
Microbiol 86, 351-360. 
Hampson, D. J., Fellström, C. & Thomson, J. R. (2006a). Ch. 48 Swine dysentery. In 
Diseases of swine 9
th ed, Straw, B. E., Zimmerman, J. J., D’Allaire, S & Taylor, D. 
Blackwell Publishing Ames, Iowa, USA. pp. 785-805. 
Hampson, D. J., Lester, G. D., Phillips, P. D. & La, T. (2006b). Isolation of Brachyspira 
pilosicoli from weanling horses with chronic diarrhoea. Vet Rec 158, 661-662. 
Hampson, D. J., Oxberry, S. L. & La, T. (2006c). Potential for zoonotic transmission of 
Brachyspira pilosicoli. Emerg Infect Dis 12, 869-870. 
Harris, D. L., Glock, R. D., Christensen, C. R. & Kinyon, J. M. (1972). Swine dysentery. I. 
Inoculation of pigs with Treponema hyodysenteriae (new species) and reproduction of the 
disease. Vet Med Small Anim Clin 67, 61-64. 
Harris, M. B. K. (1930). A study of spirochetes in chickens with special reference to those of 
the intestinal tract. Am J Hyg 12, 537-568. 
Hartland, E. L., Mikosza, A. S. J., Robins-Browne, R. & Hampson, D. J. (1998). 
Examination of Serpulina pilosicoli for attachment and invasion determinants of 
Enterobacteria. FEMS Microbiol Lett 165, 59-63. 
Holt, S. C. (1978). Anatomy and chemistry of spirochetes. Microbiol Rev 42, 114-160. 
Hommez, J., Castryck, F., Haesebrouck, F. & Devriese, L. A. (1998). Identification of 
porcine Serpulina strains in routine diagnostic bacteriology. Vet Microbiol 62, 163-169. 
Hovind-Hougen, K., Birch-Andersen, A., Henrik-Nielsen, R., Orholm, M., Pedersen, J. 
O., Teglbjaerg, P. S. & Thaysen, E. H. (1982). Intestinal spirochaetosis: morphological 
characterization and cultivation of the spirochaete Brachyspira aalborgi gen. nov. sp. nov. J 
Clin Microbiol 16, 1127-1136. 
Hsu, T., Hutto, D. L., Minion, F. C., Zuerner, R. & Wannemuehler, M. J. (2001). Cloning 
of a β-haemolysin gene of Brachyspira (Serpulina) hyodysenteriae and its expression in 
Escherichia coli. Infect Immun 69, 706-711.   56
Hutto, D. L. & Wannemuehler, M. J. (1999). A comparison of the morphologic effects of 
Serpulina hyodysenteriae or its beta-hemolysin on the murine cecal mucosa. Vet Pathol 36, 
412-422. 
Ivanics, É., Dobos-Kovács, M., Glávits, R., Kaszanyitzky, É., Nemes, Cs., Szeredi, L., 
Beregszászi, A. & Dencsö, L. (2007). Experimental study on the role of Brachyspira 
alvinipulli in intestinal spirochaetosis of geese. Acta Vet Hung 55, 315-326. 
Jacobsson, M., Fellström, C., Lindberg, R., Wallgren, P., & Jensen-Waern, M. (2004). 
Experimental swine dysentery: comparison between infection models. J Med Microbiol 53, 
273-280. 
Jamshidi, A. & Hampson, D. J. (2002). Zinc bacitracin enhances colonization by the 
intestinal spirochaete Brachyspira pilosicoli in experimentally infected layer hens. Avian 
Pathol 31, 293-298. 
Jamshidi, A. & Hampson, D. J. (2003). Experimental infection of layer hens with a human 
isolate of Brachyspira pilosicoli. J Med Microbiol 52, 361-364. 
Jansson, D. S., Bröjer, C., Gavier-Widén, D., Gunnarsson, A. & Fellström, C. (2001a). 
Brachyspira spp. (Serpulina spp.) in birds: a review and results from a study of Swedish 
game birds. Anim Health Res Rev 2, 93-100. 
Jansson, D. S., Fossum, O., Satora, K., Gunnarsson, A. & Fellström, C. (2001b). Intestinala 
spiroketala infektioner, del 4. Spiroketala infektioner (Brachyspira spp.) hos tamhöns i 
Sverige. Svensk VetTidn 53, 69-74. 
Jansson, D. S., Fellström, C., Råsbäck, T., Gunnarsson, A. & Johansson, K-E. (2007a). 
Characterization of Brachyspira spp. from Swedish laying hens. Abstract #37. In 
Proceedings of the fourth International Conference on Colonic Spirochaetal Infections in 
Animals and Humans, May 20-22, Prague, Czech Republic. 
Jansson, D. S., Ingermaa, F., Fellström, C. & Johansson, K-E. (2007b). Isolation of the 
chicken enteropathogen Brachyspira alvinipulli from laying hens and wild ducks. In 
Proceedings of the XVth Congress of the World Veterinary Poultry Association 
(WVPA), September 10-15, Beijing, China. WVPA2007-03-065, p. 552. 
Jensen, N. S., Stanton, T. B. & Swayne, D. E. (1996). Identification of the swine pathogen 
Serpulina hyodysenteriae in rheas (Rhea americana). Vet Microbiol 52, 259-269. 
Jensen, T. K., Boye, M., Ahrens, P., Korsager, B., Teglbjaerg, P. S., Lindboe, C. F. & 
Møller, K. (2001). Diagnostic examination of human intestinal spirochetosis by 
fluorescent in situ hybridization for Brachyspira aalborgi, Brachyspira pilosicoli, and other 
species of the genus Brachyspira (Serpulina). J Clin Microbiol 39, 4111-4118. 
Joens, L. A.& Kinyon, J. M. (1982). Isolation of Treponema hyodysenteriae from wild rodents, J 
Clin Microbiol 15, 994-997. 
Johansson, K-E., Duhamel, G. E., Bergsjö, B., Olsson Engvall, E., Persson, M., Pettersson, 
B. & Fellström, C. (2004). Identification of three clusters of canine intestinal spirochaetes 
by biochemical and 16S rDNA sequence analysis. J Med Microbiol 53, 345-350. 
Karlsson, M., Oxberry, S. L. & Hampson, D. J. (2002). Antimicrobial susceptibility testing 
of Australian isolates of Brachyspira hyodysenteriae using a new broth dilution method. Vet 
Microbiol 84, 123-133. 
Kennedy, M. J. & Yancey, R. J., Jr, (1996). Motility and chemotaxis in Serpulina 
hyodysenteriae. Vet Microbiol 49, 21-30.   57
Kennedy, M. J. Rosey, E. L. & Yancey, R. J., Jr. (1997). Characterization of flaA
- and flaB
- 
mutants of Serpulina hyodysenteriae: both flagellin subunits, FlaA and FlaB, are necessary 
for full motility and intestinal colonization. FEMS Microbiol Lett 153, 119-128. 
Kimura, M. (1980). A simple method for estimating evolutionary rates of base substitutions 
through comparative studies of nucleotide sequences. J Mol Evol 16, 111-120. 
Kinyon, J. M. & Harris, D. L. (1979). Treponema innocens, a new species of intestinal bacteria, 
and emended description of the type strain of Treponema hyodysenteriae. Int J Syst Bacteriol 
29, 102-109. 
Kizerwetter-Swida, M., Rzewuska, M. & Binek, M. (2005). Characterization of Brachyspira 
sp. strains isolated from flock of hens with diarrhoea. Bull Vet Inst Pulawy 49, 169-173. 
Kobryn, K. & Chaconas, G. (2002). ResT, a telomere resolvase encoded by the Lyme 
disease spirochete. Mol Cell 9, 195-201. 
Kraaz, W., Pettersson, B., Thunberg, U., Engstrand, L. & Fellström, C. (2000). Brachyspira 
aalborgi infection diagnosed by culture and 16S ribosomal DNA sequencing using human 
colonic biopsy specimens. J Clin Microbiol 38, 3555-3560. 
Lantz, P. G., Abu Al-Soud, W., Knutsson, R., Hahn-Hägerdal, B. & Rådström, P. (2000). 
Biotechnical use of polymerase chain reaction for microbiological analysis of biological 
samples. Biotechnol Annu Rev 5, 87-130. 
Lee, J. I., Hampson, D. J., Lymbery, A. J. & Harders, S. J. (1993). The porcine intestinal 
spirochaetes: identification of new genetic groups. Vet Microbiol 34, 273-285. 
Ludwig, W. & Klenk, H-P. (2001). Overview: A phylogenetic backbone and taxonomic 
framework for procaryotic systematics. In: Bergey´s Manual of Systematic Bacteriology. 
Second ed. Boone, D.R., Castenholz, R.W. Eds. Vol 1, Garrity, M, Editor in chief. 
Springer Verlag, New York, USA. pp. 49-65. 
Ludwig, W., Euzéby, J. & Whitman, W. B. (2008). Draft taxonomic outline of the 
Bacteroidetes, Planctomycetes, Chlamydiae, Spirochaetes, Fibrobacteres, Fusobacteria, Acidobacteria, 
Verrucomicrobia, Dictyoglomi, and Gemmatimonadetes. Bergey’s Manual Trust, Bergey’s 
Taxonomic Outlines Vol. 4 [online] (2008-05-01) Available from: 
http://www.bergeys.org/outlines/Bergeys_Vol_4_Outline.pdf [2009-01-01] 
Lussier, G. (1962). Vibrionic dysentery of swine in Ontario. 2. Morphological, biochemical, 
and serological characteristics of Vibrio coli. Can Vet J 3, 267-278. 
Margulis, L., Ashen, J. B., Solé, M. & Guerrero, R. (1993). Composite, large spirochetes 
from microbial mats: Spirochete structure review. Proc Natl Acad Sci USA 90, 6966-6970. 
Mathey, W. J. & Zander, D. V. (1955). Spirochetes and cecal nodules in poultry. J Am Vet 
Med Assoc 126, 475-477. 
McLaren, A. J., Hampson, D. J. & Wylie, S. L. (1996). The prevalence of intestinal 
spirochaetes in poultry flocks in Western Australia. Aust Vet J 74, 319-321. 
McLaren, A. J., Trott, D. J., Swayne, D. E., Oxberry, S. L. & Hampson, D. J. (1997). 
Genetic and phenotypic characterization of intestinal spirochetes colonizing chickens, and 
allocation of known pathogenic isolates to three distinct genetic groups. J Clin Microbiol 
35, 412-417. 
Mikosza, A. S. & Hampson, D. S. (2001). Human intestinal spirochetosis: Brachyspira aalborgi 
and/or Brachyspira pilosicoli? Anim Health Res Rev 2, 101-110.   58
Motro, Y., La, T., Bellgard, M. I., Dunn, D. S., Phillips, N. D. & Hampson, D. J. (2008). 
Identification of genes associated with prophage-like gene transfer agents in the 
pathogenic intestinal spirochaetes Brachyspira hyodysenteriae, Brachyspira pilosicoli and 
Brachyspira intermedia. Vet Microbiol doi:10.1016/j.vetmic.2008.09.051. 
Muir, S., Koopman, M. B. H., Libby, S. J., Joens, L. A., Heffron, F. & Kusters, J. G. (1992). 
Cloning and expression of a Serpula ( Treponema)  hyodysenteriae hemolysin gene. Infect 
Immun 60, 529-535. 
Munchi, M. A., Taylor, N. M., Mikosza, A. S., Spencer, P. B. & Hampson, D. J. (2003). 
Detection by PCR and isolation assays of the anaerobic intestinal spirochete Brachyspira 
aalborgi from the feces of captive nonhuman primates. J Clin Microbiol 41, 1187-1191. 
Munshi, M. A., Margawani, K. R., Robertson, I. D. & Hampson, D. J. (2008). An 
unexpectedly high prevalence of colonization with the intestinal spirochaete Brachyspira 
aalborgi amongst residents of the Indonesian island of Bali. J Med Microbiol 57, 1234-1237. 
Muniappa, N., Duhamel, G. E., Mathiesen, M. R. & Bargar T. W. (1996). Light 
microscopic and ultrastructural changes in the ceca of chicks inoculated with human and 
canine Serpulina pilosicoli. Vet Pathol 33, 542-550. 
Muniappa, N., Mathiesen, M. R. & Duhamel, G. E. (1997). Laboratory identification and 
enteropathogenicity testing of Serpulina pilosicoli associated with porcine colonic 
spirochaetosis. J Vet Diagn Invest 9, 165-171. 
Muniappa, N., Ramanathan, M. R., Tarara, R. P., Westerman, R. B., Mathiesen, M. R. & 
Duhamel, G. E. (1998). Attachment of human and rhesus Serpulina pilosicoli to cultured 
cells and comparison with a chick infection model. J Spiroch Tick-borne Dis 5, 44-53. 
Nemes, C. S., Glavits, R., Dobos-Kovacs, M., Ivanics, E., Kaszanyitzky, E., Beregszaszi, A., 
Szeredi, L. & Dencso, L. (2006). Typhlocolitis associated with spirochaetes in goose 
flocks. Avian Pathol 35, 4-11. 
Ochiai, S., Adachi, Y. & Mori, K. (1997). Unification of the genera Serpulina and Brachyspira, 
and proposals of Brachyspira hyodysenteriae Comb. Nov., Brachyspira innocens Comb. Nov. 
and Brachyspira pilosicoli Comb. Nov. Microbiol Immunol 41, 445-452. 
Oxberry, S. L., Trott, D. J. & Hampson, D. J. (1998). Serpulina pilosicoli, waterbirds and 
water: potential sources of infection for humans and other animals. Epidemiol Infect 121, 
219-225. 
Park, N. Y., Chung, C. Y., McLaren, A. J., Atyeo, R. F & Hampson, D. J. (1995). 
Polymerase chain reaction for identification of human and porcine spirochaetes recovered 
from cases of intestinal spirochaetosis. FEMS Microbiol Lett 125, 225-229. 
Paster, B. J. & Dewhirst, F. E. (2000). Phylogenetic foundation of spirochaetes. J Mol 
Microbiol Biotechnol 2, 341-344. 
Paster, B. J., Dewhirst, F. E., Weisburg, W. G., Tordoff, L. A., Fraser, G. J., Hespell, R. B., 
Stanton, T. B., Zablen, L., Mandelco, L. & Woese, C. R. (1991). Phylogenetic analysis 
of the spirochetes. J Bacteriol 173, 6101-6109. 
Pernice, M., Wetzel, S., Gros, O., Boucher-Rodoni, R. & Dubilier, N. (2007). Enigmatic 
dual symbiosis in the excretory organ of Nautilus macromphalus (Cephalopoda: 
Neutiloidea). Proc R Soc B 274, 1143-1152.   59
Phillips, N. D., La, T. & Hampson, D. J. (2003). Survival of intestinal spirochaete strains 
from chickens in the presence of disinfectants and in faeces held at different temperatures. 
Avian Pathol 32, 639-643. 
Phillips, N. D., La, T., Pluske, J. R. & Hampson, D. J. (2004a). A wheat-based diet 
enhances colonization with the intestinal spirochaete Brachyspira intermedia in 
experimentally infected laying hens. Avian Pathol 33, 451-457. 
Phillips, N. D., La, T., Pluske, J. R. & Hampson, D. J. (2004b). The wheat variety used in 
the diet of laying hens influences colonization with the intestinal spirochaete Brachyspira 
intermedia. Avian Pathol 33, 586-590. 
Phillips, N. D., La, T. & Hampson, D. J. (2005). A cross-sectional study to investigate the 
occurrence and distribution of intestinal spirochaetes (Brachyspira spp.) in three flocks of 
chickens. Vet Microbiol 105, 189-198. 
Phillips, N. D., La, T. & Hampson, D. J. (2006). Development of a two-step nested duplex 
PCR assay for the rapid detection of Brachyspira pilosicoli and Brachyspira intermedia in 
chicken faeces. Vet Microbiol 116, 239-245. 
Phillips, N. D., La, T., Adams, P. J., Harland, B. L., Fenwick, S. G. & Hampson, D. J. 
(2008). Detection of Brachyspira hyodysenteriae, Lawsonia intracellularis and Brachyspira 
pilosicoli in feral pigs. Vet Microbiol doi:10.1016/j.vetmic.2008.08.006 
Razmyar, J., Johansson, K-E., Jansson, D. S., Råsbäck, T., Peighambari, M., Barin, A., 
Ahmadian, S., & Fellström, C. (2007). Isolation and characterization of Brachyspira species 
in Iran. Abstract #41. In Proceedings of the Fourth International Conference on Colonic 
Spirochaetal Infections in Animals and Humans, May 20-22, Prague, Czech Republic. 
Ribosomal Database Project. RDP-II release 10, update 6. [online] (2008-12-03) available 
from: http://rdp.cme.msu.edu [2009-01-02] 
Rosey, E. L., Kennedy, M. J. & Yancey, R. J., Jr. (1996). Dual flaA1 flaB1 mutant of 
Serpulina hyodysenteriae expressing periplasmic flagella is severely attenuated in a murine 
model of swine dysentery. Infect Immun 64, 4154.-4162. 
Rosselló-Mora, R. & Amann, R. (2001). The species concept for prokaryotes. FEMS 
Microbiol Rev 25, 39-67. 
Ryter, A. & Pillot, J. (1965). Structure des spirochetes. II. Etude du genre Cristispira au 
microscope optique et au microscope electronique. Ann Inst Pasteur (Paris) 109, 552-562. 
Råsbäck, T., Fellström, C., Bergsjø, B., Cizek, A., Collin, K., Gunnarsson, A., Jensen, S. 
M., Mars, A., Thomson, J., Vyt, P & Pringle, M. (2005). Assessment of diagnostics and 
antimicrobial susceptibility testing of Brachyspira species using a ring test. Vet Microbiol 
109, 229-243. 
Råsbäck, T., Fellström, C., Gunnarsson, A, & Aspán, A. (2006). Comparison of culture and 
biochemical tests with PCR for detection of Brachyspira hyodysenteriae and Brachyspira 
pilosicoli. J Microbiol Methods 66, 347-353. 
Råsbäck, T., Johansson, K-E., Jansson, D. S., Fellström, C., Alikhani, M. Y., La, T., Dunn, 
D. S., & Hampson, D. J. (2007). Development of a multilocus sequence typing scheme 
for intestinal spirochaetes within the genus Brachyspira. Microbiol 153, 4074-4087. 
Sagatz, J. E., Swayne, D. E., Eaton, K. A., Hayes, J. R., Amass, K. D., Wack, R. & Kramer, 
L. (1992). Necrotizing typhlocolitis associated with a spirochete in rheas (Rhea americana). 
Avian Dis 36, 282-289.   60
Saitou, N. & Nei, M. (1987). The neighbor-joining method: a new method for 
reconstructing phylogenetic trees. Mol Biol Evol 4, 406-425. 
Shivaprasad, H. L. & Duhamel, G. E. (2005). Cecal spirochetosis caused by Brachyspira 
pilosicoli in commercial turkeys. Avian Dis 49, 609-613. 
Sikorski, J. (2008). Populations under microevolutionary scrutiny. What will we gain? Arch 
Microbiol 189, 1-5. 
Skrzypczak, T., Fossi, M., Ahola, H., Vuorela, J. & Prusti, M. (2007). Occurrence of 
Brachyspira spp. In farmed birds and dogs in Finland – a preliminary study. Abstract #40. 
In Proceedings of the Fourth International Conference on Colonic Spirochaetal 
Infections in Animals and Humans, May 20-22, Prague, Czech Republic. 
Smith, S. (1992). GDE: Genetic data environment, version 2.2. Millipore Imaging Systems, 
Ann Arbor, MI, USA. 
Smit, H. F., Dwars, R. M., Davelaar, F. G. & Wijtten, G. A. W. (1998). Observations on 
the influence of intestinal spirochaetosis in broiler breeders on the performance of their 
progeny and on egg production. Avian Pathol 27, 133-141. 
Stanton, T. B. (1992). Proposal to change the genus designation Serpula to Serpulina gen. 
nov. containing the species Serpulina hyodysenteriae comb. nov. and Serpulina innocens 
comb.nov. Int J Syst Bacteriol 42, 189-192. 
Stanton, T. B. (2007). Prophage-like gene transfer agents - novel mechanisms of gene 
exchange for Methanococcus, Desulfovibrio, Brachyspira, and Rhodobacter species. Anaerobe 13, 
43-49. 
Stanton, T. B. & Jensen, N. S. (1993). Purification and characterization of NADH oxidase 
from Serpulina (Treponema) hyodysenteriae. J Bacteriol 175, 2980-2987. 
Stanton, T. B., Jensen, N. S., Casey, T. A., Tordoff, L. A., Dewhirst, F. E. & Paster, B. J. 
(1991). Reclassification of Treponema hyodysenteriae and Treponema innocens in a new 
genus, Serpula gen. nov., as Serpula hyodysenteriae comb. nov. and Serpula innocens comb. 
nov. Int J Syst Bacteriol 41, 50-58. 
Stanton, T. B., Trott, D. J., Lee, J. I., McLaren, A. J., Hampson, D. J., Paster, B. J. & 
Jensen, N. S. (1996). Differentiation of intestinal spirochaetes by multilocus enzyme 
electrophoresis analysis and 16S rRNA sequence comparisons. FEMS Microbiol Lett 136, 
181-186. 
Stanton, T. B., Jensen, N. S., Bosworth, B. T. & Kunkle, R. A. (1997). Evaluation of the 
virulence of rhea S. hyodysenteriae strains for swine. First International Virtual Conference 
on Infectious Diseases of Animals. National Animal Disease Center. Ames, Iowa, IA, US. 
[online]. Available from: http://www.nadc.ars.usda.gov/virtconf/main.htm [2009-01-07] 
Stanton, T. B., Thompson, M. G., Humphrey, S. B. & Zuerner, R. L. (2003). Detection of 
bacteriophage VSH-1 svp38 gene in Brachyspira spirochetes. FEMS Microbiol Lett 224, 
225-229. 
Stanton, T. B., Fournié-Amazouz, E., Postic, D., Trott, D. J., Grimont, P. A. D., Baranton, 
G., Hampson, D. J. & Saint Girons, I. (1997). Recognition of two new species of 
intestinal spirochetes: Serpulina intermedia sp. nov. and Serpulina murdochii sp. nov. Int J 
Syst Bacteriol 47, 1007-1012. 
Stanton, T. B., Postic, D. & Jensen, N. S. (1998). Serpulina alvinipulli sp. nov., a new 
Serpulina species enteropathogenic for chickens. Int J Syst Bacteriol 48, 669-676.   61
Stanton, T. B., Rosey, E. L., Kennedy, M. J., Jensen, N. S. & Bosworth, B. T. (1999). 
Isolation, oxygen sensitivity, and virulence of NADH oxidase mutants of the anaerobic 
spirochete Brachyspira (Serpulina) hyodysenteriae, etiologic agent of swine dysentery. Appl 
Environ Microbiol 65, 5028-5034. 
Stephens, C. P. & Hampson, D. J. (1999). Prevalence and disease association of intestinal 
spirochaetes in chickens in eastern Australia. Avian Pathol 28, 447-454. 
Stephens, C. P. & Hampson, D. J. (2002a). Experimental infection of broiler breeder hens 
with the intestinal spirochaete Brachyspira (Serpulina) pilosicoli causes reduced egg 
production. Avian Pathol 31, 169-175. 
Stephens, C. P. & Hampson, D. J. (2002b). Evaluation of tiamulin and lincomycin for the 
treatment of broiler breeders experimentally infected with the intestinal spirochaete 
Brachyspira pilosicoli. Avian Pathol 31, 299-304. 
Stephens, C. P., Oxberry, S. L., Phillips, N. D., La, T. & Hampson, D. J. (2005). The use of 
multilocus enzyme electrophoresis to characterise intestinal spirochates (Brachyspira spp.) 
colonising hens in commercial flocks. Vet Microbiol 107, 149-157. 
Stoutenburg, J. W. & Swayne, D. E. (1992). Comparison of microbiologic characteristics of 
spirochetes isolated from pigs, rats, chickens and ratites. In Proceedings of 81
st Annual 
Meeting Abstracts, Poultry Science Association, and 13
th Annual Meeting Abstracts of the 
Southern Poultry Science Society. Poult Sci 71, Suppl 1, 69. 
Stoutenburg, J. E., Swayne, D. E., Hoepf, T. M., Wack, R. & Kramer, L. (1995). 
Frequency of intestinal spirochetes in birds, rats, and pigs from a zoologic collection and 
private rhea farms in Ohio. J Zoo Wildl Med 26, 272-278. 
Sueyoshi, M. & Adachi, Y. (1990). Diarrhea induced by Treponema hyodysenteriae: a young 
chick cecal model for swine dysentery. Infect Immun 58, 3348-336. 
Sueyoshi, M., Adachi, Y., Shoya, S., Miyagawa, E., Minato, H. (1986). Investigation into 
the location of Treponema hyodysenteriae in the cecum of experimentally infected young 
broiler chicks by light- and electron microscopy. Zentralbl Bakteriol Parasitenkd Infektionskr 
Hyg Abt 1 Orig Reihe A. 261, 447-453. 
Sueyoshi, M., Adachi, Y., Shoya, S. (1987). Enteropathogenicity of Treponema hyodysenteriae 
in young chicks. Zentralbl Bakteriol Parasitenkd Infektionskr Hyg Abt 1 Orig Reihe A 266, 
469-477. 
Suriyaarachchi, D. S., Mikosza, A. S. J., Atyeo, R. F. & Hampson, D. J. (2000). Evaluation 
of a 23S rDNA polymerase chain reaction assay for identification of Serpulina intermedia, 
and strain typing using pulsed-field gel electrophoresis. Vet Microbiol 71, 139-148. 
Svensson, S., Svensson, M. & Tjernberg, M. (1999). Svensk fågelatlas. Vår Fågelvärld, 
supplement nr. 31, Stockholm, pp. 66-67 & 472-477. 
Sveriges Officiella Statistik, Statistiska meddelanden JO 20 SM 0801, Lifestock in June 2007. 
[online] (2008-04-29) Available from: 
http://www.sjv.se/webdav/files/SJV/Amnesomraden/Statistik%2C%20fakta/Husdjur/J
O20/JO20SM0801/JO20SM0801.pdf [2009-01-06] 
Swayne, D. E. (1994). Pathobiology of intestinal spirochetosis in mammals and birds. In 
Proceeding of the Annual Meeting of American College of Veterinary Pathologists 45, 
224-238.   62
Swayne, D. E., Bermudez, A. J., Sagartz, J. E., Eaton, K. A., Monfort, J. D., Stoutenburg, J. 
W. & Hayes, J. R. (1992). Association of cecal spirochetes with pasty vents and dirty 
eggshells in layers. Avian Dis 36, 776-781. 
Swayne, D. E., Eaton, K. A., Stoutenburg, J. W. & Buckles, E. L. (1993). Comparison of 
the ability of orally inoculated avian-, pig-, and at-origin spirochetes to produce enteric 
disease in 1-day-old chickens. In Proceedings of the American Veterinary Medical 
Association 130, 155. 
Swayne, D. E., Eaton, K. A., Stoutenburg, J., Trott, D. J., Hampson, D. J. & Jensen, N. S. 
(1995). Identification of a new intestinal spirochete with pathogenicity for chickens. Infect 
Immun 63, 430-436. 
Swayne, D. E. & McLaren, A. J. (1997). Ch. 10 Avian intestinal spirochaetes and avian 
intestinal spirochaetosis. In Intestinal Spirochaetes in Domestic Animals and Humans. 
Hampson, D. J. & Stanton, T.B. eds. CAB International Wallingford, USA. pp 267-300. 
Tachibana, H., Nakamura, S. & Adachi, Y. (2003). Proposal of Brachyspira ibaraki sp. nov. for 
Japanese human intestinal spirochetes closely related to Brachyspira aalborgi. Abstract #3. In 
Proceedings of the Second International Conference on Colonic Spirochaetal Infections 
in Animals and Humans, April 2-4, Eddleston, UK. 
Taylor, D. J. & Alexander, T. J. L. (1971). The production of dysentery in swine by feeding 
cultures containing a spirochaete. Br Vet J 127, 58-61. 
ter Huurne, A. A., Muir, S., van Houten, M., van der Zeijst, B. A., Gaastra, W. & Kusters, 
J. G. (1994). Characterization of three putative Serpulina hyodysenteriae hemolysins. Microb 
Pathol 16, 269-282. 
Thomson, J. R., Smith, W. J., Murray, B. P., Murray, D., Dick, J. E. & Sumption, K. J. 
(2001). Porcine enteric spirochete infections in the UK: surveillance data and preliminary 
investigation of atypical isolates. Anim Health Res Rev 2, 31-36. 
Thomson, J. R., Murray, B. P., Henderson, L. E., Thacker, J., & Burch, D. G. S. (2007). 
Brachyspira species isolated from UK poultry samples. Abstract #39. In Proceeding of the 
fourth International Conference on Colonic Spirochaetal Infections in Animals and 
Humans, 20-22 May, Prague, Czech Republic. 
Townsend, K. M., Ngan Giang, V., Stephens, C., Scott P. T. & Trott, D. (2005). 
Application of nox-restriction fragment length polymorphism for the differentiation of 
Brachyspira intestinal spirochetes isolated from pigs and poultry in Australia. J Vet Diagn 
Invest 17, 103-109. 
Trampel, D. W., Jensen, N. S. & Hoffman, L. J. (1994). Cecal spirochetosis in commercial 
laying hens. Avian Dis 38, 895-898. 
Trivett-Moore, N. L., Gilbert, G. L., Law, C. H., Trott, D. J. & Hampson, D. J. (1998). 
Isolation of Serpulina pilosicoli from rectal biopsy specimens showing evidence of intestinal 
spirochetosis. J Clin Microbiol 36, 261-265. 
Trott, D. J. & Hampson, D. J. (1998). Evaluation of day-old specific-pathogen-free chicks as 
an experimental model for pathogenicity testing of intestinal spirochaete species. J Comp 
Pathol 188, 365-381. 
Trott, D. J., McLaren, A. J. & Hampson, D. J. (1995). Pathogenicity of human and porcine 
intestinal spirochaetes in one-day-old specific-pathogen-free chicks: an animal model of 
intestinal spirochaetosis. Infect Immun 63, 3705-3710.   63
Trott, D. J., Atyeo, R. F., Lee, J. I., Swayne, D. A., Stoutenburg, J. W. & Hampson, D. J. 
(1996a). Genetic relatedness amongst intestinal spirochaetes isolated from rats and birds. 
Lett Appl Microbiol 23, 431-436. 
Trott, D. J., Huxtable, C. R. & Hampson, D. J. (1996b). Experimental infection of newly 
weaned pigs with human and porcine strains of Serpulina pilosicoli. Infect Immun 64, 4648-
4654. 
Trott, D. J., Stanton, T. B., Jensen, N. S., Duhamel, G. E., Johnson, J. L. & Hampson, D. J. 
(1996c). Serpulina pilosicoli sp. nov.: the agent of porcine intestinal spirochetosis. Int J Syst 
Bacteriol 46, 206-215. 
Trott, D. J., Jensen, N. S., Saintgirons, I., Oxberry, S. L., Stanton, T. B., Lindquist, D. & 
Hampson, D. J. (1997). Identification of and characterization of Serpulina pilosicoli isolates 
recovered from the blood of critically ill patients. J Clin Microbiol 35, 482-285. 
Trott, D. J., Oxberry, S. L. & Hampson, D. J. (1997). Evidence for Serpulina hyodysenteriae 
being recombinant, with an epidemic population structure. Microbiol 143, 3357-3365. 
Trott, D. J., Mikosza, A. S. J., Combs, B.G., Oxberry, S. L. & Hampson, D. J. (1998). 
Population genetic analysis of Serpulina pilosicoli and its molecular epidemiology in villages 
in the Eastern Highlands of Papua New Guinea. Int J Syst Bacteriol 48, 659-668. 
Van Bergen, M. A. P. & Wagenaar, J. A. (2003). AFLP genotyping of Brachyspira species. 
Abstract #17. In Proceedings of the Second International Conference on Colonic 
Spirochaetal Infections in Animals and Humans, April 2-4, Eddleston, Scotland, UK. 
Wagenaar, J., van Bergen, M., van der Graaf, L. and Landman, W. (2003). Free-range 
chickens show a higher incidence of Brachyspira infections in the Netherlands. Abstract 
#16. In Proceedings of the Second International Conference on Colonic Spirochaetal 
Infections in Animals and Humans, April 2-4, Eddleston, Scotland, UK. 
Wallensten, A., Munster, V. J., Latorre-Margalef, N., Brytting, M., Elmberg, J., Fouchier, 
R. A. M., Fransson, T., Haemig, P. D., Karlsson, M., Lundkvist, Å., Osterhaus, A. D. 
M. E., Stervander, M., Waldenström, J. Olsen, B. (2007). Surveillance of influenza A 
virus in migratory waterfowl in Northern Europe. Emerg Infect Dis 13, 404-411. 
Warnecke, F., Luginbühl, P., Ivanova, N., Ghassemian, M., Richardson, T. H., Stege, J. T., 
Cayouette, M., McHardy, A. C., Djordjevic, G., Aboushadi, N., Sorek, R., Tringe, S. 
G., Podar, M., Martin, H. G., Kunin, V., Dalevi, D., Madejska, J., Kirton, E., Platt, D., 
Szeto, E., Salamov, A., Barry, K., Mikhailova, N., Kyrpides, N. C., Matson, E. G., 
Ottesen, E. A., Zhang, X., Hernández, M., Murillo, C., Acosta, L. G., Rigoutsos, I., 
Tamayo, G., Green, B. D., Chang, C., Rubin, E. M., Mathur, E. J., Robertson, D. E., 
Hugenholtz, P. & Leadbetter, J. R. (2007). Metagenomic and functional analysis of 
hindgut microbiota of a wood-eating higher termite. Nature 450, 560-565. 
WATT90 Executive Guide to Worlds Poultry Trends 2007/2008. The Statistical Reference 
for poultry executives. [online] (2008-08-20). Available from 
http://www.wattpoultry.com/viewcontent.aspx?id=16162 [2009-01-07] 
Wayne, L. G., Brenner, D. J., Colwell, R. R., Grimont, P. A. D., Kandler, O., Krichevsky, 
M. I., Moore, L. H., Moore, W. E. C., Murray, R. G. E., Stackebrandt, E., Starr, M. P. 
& Trüper, H. G (1987). Report of the ad hoc committee on reconciliation of approaches 
to bacterial systematics. Int J Syst Bact 37, 463-464.    64
Webb, D. M., Duhamel, G. E., Mathiesen, M. R., Muniappa, N. & White, A. (1997). 
Cecal spirochetosis associated with Serpulina pilosicoli in captive juvenile ring-necked 
pheasants. Avian Dis 41, 997-1002. 
Wier, A., Dolan, M., Grimaldi, D., Guerrero, R., Wegensberg, J. & Margulis, L. (2002). 
Spirochete and protist symbionts of a termite (Mastotermes electrodominicus) in Miocene 
amber Proc Natl Acad Sci USA 99, 1410-1412. 
Woese, C. R. & Fox, G. E. (1977). Phylogenetic structure of the prokaryotic domain: the 
primary kingdoms. Proc Natl Acad Sci USA 74, 5088-5090. 
Woese, C. R. (1987). Bacterial Evolution. Microbiol Rev 51, 221-271. 
Wood, E. J., Seviour, R. J., Siddique, A-B. M., Glaisher, R. W., Webb, R. I. & Trott, D. 
J. (2006). Spherical body formation in the spirochaete Brachyspira hyodysenteriae. FEMS 
Microbiol Lett 259, 14-19. 
Zuckerkandl, E. & Pauling, L. (1965). Molecules as documents of evolutionary history. J 
Theor Biol 8, 357-366. 
Zuerner, R. L., Stanton, T. B., Minion, F. C., Li, C., Charon, N. W., Trott, D. J. & 
Hampson, D. J. (2004). Genetic variation in Brachyspira: chromosomal rearrangements 
and sequence drift distinguish B. pilosicoli from B. hyodysenteriae. Anaerobe 10, 229-237.   65
Acknowledgements 
The thesis work was performed at the Department of Clinical Sciences, 
Swedish University of Agricultural Sciences (SLU), Uppsala Sweden. The 
laboratory work was performed at the Department of Bacteriology, 
National Veterinary Institute (SVA). Financial support was gratefully 
received from the Swedish  Farmers’  Foundation  for  Agricultural 
Research (SLF), and the Swedish Research Council for Environment, 
Agricultural Sciences and Spatial Planning (Formas). 
 
This thesis has been some years in the making. Down through those 
years, I have been fortunate indeed to have the support and help of many 
people. I would particularly like to express my gratitude to: 
 
Professors Anders Engvall and Lars-Erik Edqvist, present and former 
director of SVA, for giving me the opportunity to do research. 
 
Main supervisor professor Claes Fellström. Thank you for believing in 
me and for your repeated refusal to give up when I wanted to quit. You 
have been an excellent guide, always helpful and optimistic. 
 
Co-supervisor professor Karl-Erik Johansson (Kaggen), for introducing 
me to the fascinating field of phylogeny. You provided structure and focus 
at a critical moment, and I have thoroughly enjoyed all those hours spent 
together looking at all those As, Ts, Gs and Cs... 
 
Co-supervisor,  Anders  Gunnarsson, associate professor and former 
head of the Department of Bacteriology at SVA, for providing the facilities 
to work in the anaerobe laboratory. Thanks also for your encouragement 
and for good advice on manuscripts.   66
 
Co-supervisor  Ivar  Vågsholm professor, and research coordinator at 
SVA, for help and advice on statistics and your kind encouragement. 
 
My co-supervisor and head of department, professor Per Wallgren, for 
letting me take some time off from the routine poultry work to finish paper 
III-V, and to write the frame of the thesis. 
 
Co-author Therese  Råsbäck, VMD, Department of Bacteriology, 
SVA, for being such an inspiring co-worker, co-author and great friend! 
Co-author Ricardo  Feinstein, associate professor, Department of 
Pathology and Wildlife Diseases, SVA for your invaluable help with paper 
III, your patience, optimism and encouragement. Co-authors Tobias C. 
Olofson, PhD, Department of Food Technology, Engineering and 
Nutrition, Lund University, Bertil Pettersson (Tekn. dr), Department of 
Biotechnology, The Royal Institute of technology, Stockholm University, 
and Fredrika Ingermaa DVM, for assistance. 
 
Ulla Zimmerman, Marianne Persson and Lena Lundgren, BMA, 
Department of Bacteriology, SVA for outstanding technical assistance, and 
for helping me out in the lab when I was preoccupied by routine work. 
This would have been impossible without you! 
 
Kenneth ‘ Larus’  Bengtsson and Lennarth ‘ Silvertärnan’ 
Blomquist, Fågelskydd Spillepeng, Lasse Johansson, Uppsala Kommun, 
personnel at Ottenby  Bird  Observatory, Öland and the laying hen 
farmers, for sampling many of the birds. 
 
Gunnel Erne and Agneta Lind for excellent library service. 
 
Viveca  Båverud, VMD, associate professor and present head of 
Department of Bacteriology at SVA for your interest and support. Thank 
you in particular for letting me borrow Ulla Z. to finish the last piece of 
work on paper V! 
 
Tapio  Nikkilä, Department of Pathology, SLU for putting up with 
repeated harassment about the TEM work for paper III. Eva Westergren, 
Susanne  Andersson,  Gudrun  Andersson,  Maria  Lögdahl and Lotta 
Ottander, Department of Pathology and Wildlife Diseases, SVA for 
preparing histopathology slides. Hans Kanbjer, Lars Hammarsten and   67
Johan Karevik, Department of Pathology and Wildlife Diseases, SVA for 
all those good moments spent in the necropsy room. 
 
Present and former colleagues and co-workers at SVA, especially those 
of Department of Bacteriology, for making me feel so welcome, and 
Department  of  Animal  Health  and  Antimicrobial  Strategies. My 
‘poultry colleagues’ Björn  Engström,  Oddvar  Fossum, and Helena 
Eriksson for taking the brunt of the routine poultry work during the final 
stages of my thesis work. Ann-Charlotte  Andersson for secretarial 
assistance. 
 
All members of our research group the Swedish  Brachyspira, 
Leptospira and Treponema Group (www.brachyspira.se) for inspiration, 
friendship and fruitful discussions. 
 
Professor  Victor  E.  Gould, Rush Presbyterian St. Luke’s Medical 
Center, Chicago, IL, USA for letting me spend a year in your research lab, 
and for teaching me about writing scientific papers. Remember baby 
Toscana?!? 
 
Lena Englund, Associate professor, FVO, Ireland for being a great 
friend and colleague, for constant harassment about finishing the thesis, and 
for sharing Alice. 
 
A big hug goes to Agneta Ekholm, SOL, SLU, Ann Nyman, PhD 
and  Christina Greko, VMD Department of Animal Health and 
Antimicrobial Strategies, SVA for preventing me from sending the thesis 
down the drain when it was almost finished! 
 
Although it often seems as though I never see anyone but my cats, the 
lab, and the computer screen I am always aware of my dear friends outside 
the scientific veterinary sphere. Thank you all for putting up with me! 
 
To my cats for ‘helping’ me to write this thesis. 
 
To my mother Greta and my late father and sister (Bengt and Cecilie). 
I’m so sorry you were unable to attend. Thank you for the endless support! 